The stellar and wind parameters of six prototypical HMXBs and their
  evolutionary status by Hainich, R. et al.
Astronomy & Astrophysics manuscript no. paper c©ESO 2020
January 9, 2020
The stellar and wind parameters of six prototypical HMXBs and
their evolutionary status?
R. Hainich1, L. M. Oskinova1, J. M. Torrejón2, F. Fuerst3, A. Bodaghee4, T. Shenar1, 5, A. A. C. Sander1, 6, H. Todt1,
K. Spetzer4, and W.-R. Hamann1
1 Institut für Physik und Astronomie, Universität Potsdam, Karl-Liebknecht-Str. 24/25, D-14476 Potsdam, Germany
e-mail: rhainich@astro.physik.uni-potsdam.de
2 Instituto Universitario de Fìsica Aplicada a las Ciencias y las Tecnologìas, Universidad de Alicante, 03690 Alicante, Spain
3 European Space Astronomy Centre (ESA/ESAC), Science Operations Department, Villanueva de la Cañada (Madrid), Spain
4 Georgia College and State University, Dept. of Chemistry, Physics and Astronomy, 221 N. Wilkinson St., Milledgeville, GA 31061,
USA
5 Institute of astrophysics, KU Leuven, Celestijnlaan 200D, 3001 Leuven, Belgium
6 Armagh Observatory and Planetarium, College Hill, Armagh, BT61 9DG, Northern Ireland
Received <date> / Accepted <date>
ABSTRACT
Context. High-mass X-ray binaries (HMXBs) are exceptional astrophysical laboratories that offer a rare glimpse into the physical
processes that govern accretion on compact objects, massive-star winds, and stellar evolution. In a subset of the HMXBs, the compact
objects accrete matter solely from winds of massive donor stars. These so-called wind-fed HMXBs are divided in persistent (classical)
HMXBs and supergiant fast X-ray transients (SFXTs) according to their X-ray properties. While it has been suggested that this
dichotomy depends on the characteristics of stellar winds, they have been poorly studied.
Aims. With this investigation, we aim to remedy this situation by systematically analyzing donor stars of wind-fed HMXBs that are
observable in the UV, concentrating on those with neutron star (NS) companions.
Methods. We obtained Swift X-ray data, HST UV spectra, and additional optical spectra for all our targets. The spectral analysis of
our program stars was carried out with the Potsdam Wolf-Rayet (PoWR) model atmosphere code.
Results. Our multi-wavelength approach allows us to provide stellar and wind parameters for six donor stars (four wind-fed systems
and two OBe X-ray binaries). The wind properties are in line with the predictions of the line-driven wind theory. Based on the
abundances, three of the donor stars are in an advanced evolutionary stage, while for some of the stars, the abundance pattern indicates
that processed material might have been accreted. When passing by the NS in its tight orbit, the donor star wind has not yet reached
its terminal velocity but it is still significantly slower; its speed is comparable with the orbital velocity of the NS companion. There
are no systematic differences between the two types of wind-fed HMXBs (persistent versus transients) with respect to the donor stars.
For the SFXTs in our sample, the orbital eccentricity is decisive for their transient X-ray nature. The dichotomy of wind-fed HMXBs
studied in this work is primarily a result of the orbital configuration, while in general it is likely that it reflects a complex interplay
between the donor-star parameters, the orbital configuration, and the NS properties. Based on the orbital parameters and the further
evolution of the donor stars, the investigated HMXBs will presumably form Thorne–Z˙ytkow objects in the future.
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1. Introduction
High-mass X-ray binaries (HMXBs) are binary systems con-
sisting of a massive star, also denoted as the donor star, and a
compact object, which is either a neutron star (NS) or a black
hole (BH). These systems are characterized by high X-ray lumi-
nosities (LX ≈ 1036 erg/s) emitted by stellar material accreted
onto the compact object. Multi-wavelength studies of HMXBs
offer the opportunity to contribute to a variety of physical and
astrophysical research areas, including but not limited to accre-
tion physics, stellar evolution, and the precursors of gravitational
wave events.
The HMXB population encompasses different types of bi-
nary systems. Depending on the orbital configuration, the evolu-
? Based on observations made with the NASA/ESA Hubble Space
Telescope (HST), obtained from the data archive at the Space Telescope
Science Institute. STScI is operated by the Association of Universities
for Research in Astronomy, Inc. under NASA contract NAS 5-26555.
tion state of the donor star, and how the matter is channeled to
the compact object, one can distinguish between different types:
in Roche-lobe overflow (RLOF) systems, the compact object di-
rectly accretes matter via the inner Lagrangian point (L1). In
wind-fed HMXBs, the compact object accretes from the wind
of the donor star. In OBe X-ray binary systems, the donor stars
are usually OB-type dwarfs with a decretion disk. The compact
object in these kind of systems either accretes matter from these
disks or from the donor-star winds.
The wind-fed HMXBs are of particular interest (for recent
reviews see Martínez-Núñez et al. 2017 and Sander 2018). Here
the compact object is situated in and accretes solely from the
wind of the massive star, usually a supergiant. Therefore, these
objects are also denoted as SgXBs. Ostriker & Davidson (1973)
realized that accretion from a stellar wind onto a compact ob-
ject is sufficient to power the high X-ray luminosities observed
for these objects. Depending on their X-ray properties, wind-fed
HMXBs are distinguished into classical (or persistent) HMXBs
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and the so-called Supergiant Fast X-ray Transients (SFXTs).
While the former always exhibit an X-ray luminosity on the or-
der of LX ≈ 1036 erg/s, the latter are characterized by quiescent
X-ray phases with LX ≈ 1032 − 1034 erg/s, which are interrupted
by sporadic X-ray flares (LX ≥ 1036 erg/s). Although the ori-
gin of this dichotomy is hitherto not understood, it is assumed
that the donor stars play an important role in this picture (e.g.,
in’t Zand et al. 2007; Oskinova et al. 2012; Krticˇka et al. 2015;
Giménez-García et al. 2016; Sidoli & Paizis 2018).
The Bondi-Hoyle-Lyttleton accretion mechanism (Hoyle &
Lyttleton 1939; Bondi & Hoyle 1944) predicts that the X-ray
luminosity (LX) of a wind-fed HMXB is very sensitive to the
mass-loss rate (M˙) and the wind velocity (uwind) of the donor
star,
LX ∝ M˙/v4rel , (1)
where vrel = | uwind +uorb | is the relative velocity of the wind mat-
ter captured by the compact object. The orbital velocity (uorb)
is often neglected while evaluating Eq. (1), since stellar winds of
OB-type stars have high terminal velocities, sometimes in excess
of 2000 km s−1. However, most HMXBs are compact systems
with orbital periods of a few days (Walter et al. 2015). This im-
plies that the distance between the compact objects and the donor
stars are relatively small, which means that donor star winds will
not have reached their terminal velocities at the position of the
compact objects. On the other hand, the vorb can be quite high,
especially during periastron in eccentric systems. Therefore, it
is of high importance to reliably quantify the role of vwind and
vorb in these kind of systems, especially because of the strong
dependence of LX on vrel.
The X-rays emitted by the compact object can, in turn, have
a significant impact on the donor star’s atmosphere and wind.
These X-rays strongly ionize a certain part of the donor star
wind, which can lead to significant changes in the observed spec-
tra of these sources. This is demonstrated by van Loon et al.
(2001) for important UV wind-lines using phase resolved spec-
troscopy of several donor stars. The underlying mechanism is
first discussed by Hatchett & McCray (1977), which is, there-
fore, also denoted as the Hatchett-McCray effect. Depending on
the wind density, the orbital configuration, and the amount of X-
rays emitted by the compact object, its influence on the donor
wind can be quite diverse (e.g., Blondin et al. 1990; Blondin
1994).
For high X-ray luminosities, Krticˇka et al. (2015) and Sander
et al. (2018a) show that the donor wind velocity field in the di-
rection of the compact object can be significantly altered. This
is because the radiation of the compact object changes the ion-
ization balance in the donor star wind, leading to a modification
of the radiative acceleration of the wind matter. In extreme cases
the donor star winds can be virtually stopped or even disrupted.
In this work, we concentrate on wind-fed HMXBs with
NS companions and moderate X-ray luminosities, where the
Hatchett-McCray effect is of modest importance and the winds
are not significantly disturbed. However, even for those systems,
the X-rays need to be accounted for during the spectral analysis,
since they might have a noticeable effect on the ionization bal-
ance in the donor star wind and consequently on the spectra.
Despite the strong connection between the X-ray properties
of wind-fed HMXBs and the properties of the donor stars, only
a few of these stars have been studied so far. One reason for this
deficiency is that most of the wind-fed HMXBs are highly ob-
scured. Therefore, the most important wavelength range for the
analysis of OB-star winds, the UV that provides essential wind
diagnostics, is often not accessible. In this work, we analyze four
wind-fed HMXBs and two OBe X-ray binaries that are observ-
able in the UV.
The paper is organized as follows: in Sect. 2, we introduce
our sample, while the data used in this work are described in
Sect. 3. The atmosphere models and the fitting process are out-
lined in Sect. 4. Our results are presented in Sect. 5, and dis-
cussed in Sects. 6 and 7. The summary and conclusions can be
found in Sect. 9. Additional tables, comments on the individual
objects, and the complete spectral fits are presented in Appen-
dices A, B, and C, respectively.
2. The sample
While about 30 wind-fed HMXBs are known in our Galaxy (see
Martínez-Núñez et al. 2017 for a recent compilation), most of
these objects are located in the Galactic plane (Chaty 2008).
Therefore, they are often highly obscured and are not observable
in the UV. However, ultraviolet resonance lines allow to charac-
terize even the relatively weak winds of B-type stars (e.g., Prinja
1989; Oskinova et al. 2011). Since the determination of wind
parameters is the main objective of this study, we restrict our
sample to those wind-fed HMXBs that are observable in the UV.
In addition to Vela X-1, which has been analyzed previously
by Giménez-García et al. (2016), only four more wind-
fed HMXBs meet the above condition, namely HD 153919
(4U 1700-37), BD+60 73 (IGR J00370+6122), LM Vel
(IGR J08408-4503), and HD 306414 (IGR J11215-5952).
The latter two systems are SFXTs, while the first one is a
persistent HMXB, and BD+60 73 (IGR J00370+6122) exhibits
properties of both types. Our sample also includes the Be
X-ray binary HD 100199 (IGR J11305-6256) and BD+53 2790
(4U 2206+54), which is classified as an Oe X-ray binary or as a
persistent wind-fed binary with a non evolved donor. The latter
classification is based on its X-ray properties, while the former
is a result of the prominent hydrogen emission lines that are
visible in optical spectra of this object. These lines are most
likely formed in a decretion disk of the donor star. Thus, this
systems might actually be intermediate between the classical
wind-fed HMXB and the OBe X-ray binaries. The HMXB type,
the spectral classification of the donor, and common alias names
of the investigated systems are given in Table 1.
The orbital parameters of the investigated systems and the
spin period of the neutron stars are compiled from the literature
and listed in Table 2. The only exception is HD 100199 because
neither the orbit nor the properties of its NS are known.
3. The data
3.1. Spectroscopy
For our UV survey of wind-fed HMXBs, we made use of the
Space Telescope Imaging Spectrograph (STIS, Woodgate et al.
1998; Kimble et al. 1998) aboard the HST. These high resolu-
tion, high S/N spectra (Proposal ID: 13703, PI: L. M. Oskinova)
cover important wind diagnostics in the range 1150-1700 Å. In
this paper, we use the automatically reduced data that are pro-
vided by the HST archive. For three of our program stars, far
UV data obtained with the Far Ultraviolet Spectroscopic Ex-
plorer (FUSE, Moos et al. 2000) were retrieved from the MAST
archive.
These data are complemented by optical spectroscopy from
different sources. For HD 100199, HD 306414, LM Vel, and
HD 153919, we use data taken with the Fiber-fed Extended
Range Optical Spectrograph (FEROS, Kaufer et al. 1999)
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Table 1. Spectral classifications, distances, and common aliases
Name HMXB type Spectral type Reference Distancea Alias names
of donor (kpc)
HD 153919 persistent O6 Iafpe 1 1.7+0.3−0.2 4U 1700-37, V* V884 Sco
BD+60 73 intermediate BN0.7 Ib 2 3.4+0.3−0.2 IGR J00370+6122
LM Vel SFXT O8.5 Ib-II(f)p 3 2.2+0.2−0.1 HD 74194, IGR J08408-4503
HD 306414 SFXT B0.5 Ia 4 6.5+1.4−1.1 IGR J11215-5952
BD+53 2790 persistent / Oe X-ray O9.5 Vep 5 3.3+0.4−0.3 4U 2206+54
HD 100199 Be X-ray B0 IIIne 6 1.3+0.1−0.1 IGR J11305-6256
References. (1) Sota et al. (2014); (2) González-Galán et al. (2014); (3) Sota et al. (2014); (4) Lorenzo et al. (2014); (5) Blay et al. (2006); (6)
Garrison et al. (1977);
Notes. (a) The distances are adopted from Bailer-Jones et al. (2018). These distances are based on the Gaia DR2 measurements (Gaia Collaboration
et al. 2018) and were calculated by means of a Bayesian approach assuming an exponentially decreasing space density with the distance.
Table 2. Orbital parameters and the spin period of the neutron star
Identifier Orbital period Ref. Eccentricity Ref. T0 Ref. Spin period Ref.
(d) (MJD) (s)
HD 153919 3.411660 ± 0.000004 1 0.008 − 0.22 1,2 49149.412 ± 0.006 1 -
BD+60 73 15.661 ± 0.0017 3 0.56 ± 0.07 3 55084.0 ± 0.4 3 346.0 4
LM Vel 9.5436 ± 0.0002 5 0.63 ± 0.03 5 54634.45 ± 0.04 5 -
HD 306414 ∼ 164.6 6 ∼ 0.8a 7 - 186.78 6,8
BD+53 2790 ∼ 9.568 9,10,11,12 0.30 ± 0.02 12 - 5750.0 13
References. (1) Islam & Paul (2016); (2) Hammerschlag-Hensberge et al. (2003); (3) González-Galán et al. (2014); (4) in’t Zand et al. (2007);
(5) Gamen et al. (2015);; (6) Romano et al. (2009); (7) Lorenzo et al. (2014); (8) Swank et al. (2007); (9) Corbet & Peele (2001) (10) Ribó et al.
(2006); (11) Reig et al. (2009); (12) Stoyanov et al. (2014); (13) Torrejón et al. (2018)
Notes. (a) uncertain
mounted at the 2.2 m telescope operated at the European South-
ern Observatory (ESO) in La Silla. These data sets were down-
loaded from the ESO archive. From the same repository, we
also retrieved FOcal Reducer and low dispersion Spectrograph
(FORS, Appenzeller et al. 1998) spectra for HD 153919. Opti-
cal spectra for BD+60 73 were kindly provided by A. González-
Galán. These spectra were taken with the high-resolution FIbre-
fed Echelle Spectrograph (FIES, Telting et al. 2014) mounted on
the Nordic Optical Telescope (NOT) and published in González-
Galán et al. (2014). For BD+53 2790, we downloaded a low res-
olution spectrum from the VizieR archive that was taken by Mu-
nari & Zwitter (2002) with a Boller & Chivens Spectrograph
of the Asiago observatory. In addition, we obtained an opti-
cal spectrum of BD+53 2790 with a DADOS spectrograph in
combination with two different SBIG cameras (SFT8300M &
ST-8XME) mounted to the Overwhelmingly Small Telescope
(OST) of the student observatory at the University of Pots-
dam. Default data reduction steps were performed for this data
set using calibration data (dome flats, dark frames, HgAr-lamp
spectrum) taken immediately after the science exposures. Fi-
nally Near-IR spectroscopy was obtained during the night of
2014 September 1, using the Near Infrared Camera and Spec-
trograph (NICS) mounted at the 3.5-m Telescopio Nazionale
Galileo (TNG) telescope (La Palma island). Medium-resolution
spectra (3.5 Åpixel−1) were taken with the H and Kb grisms un-
der good seeing conditions. Details on the reduction process can
be seen in Rodes-Roca et al. (2018). The individual spectral ex-
posures used in this work are listed in Table A.1. In this Table,
we also give the phase at which the observations were taken for
those systems where ephemerides are available (see Table 2 and
references therein).
3.2. Photometry
We compiled UBVRI photometry from various sources
(Zacharias et al. 2004; DENIS Consortium 2005; Mermilliod
2006; Anderson & Francis 2012; Reig & Fabregat 2015) for all
our program stars. G-band photometry was retrieved from the
Gaia DR1 release (Gaia Collaboration 2016). Near-infrared pho-
tometry (J,H,KS ) was obtained from Cutri et al. (2003), while
WISE photometry is available from Cutri et al. (2012) for all our
targets. Moreover, we made use of MSX infrared photometry
(Egan et al. 2003) for HD 153919. The complete list of photo-
metric measurements used for the individual objects is compiled
in Table A.2.
3.3. X-ray data
For all our HST observations, we obtained quasi-simultaneous
X-ray data with the Neil Gehrels Swift Observatory (Swift,
Gehrels et al. 2004). In addition, strictly simultaneous Chan-
dra X-ray and HST UV observations were performed for
HD 153919 (Chandra ObsID. 17630, exposure time 14.6 ks).
The data obtained with the X-ray telescope (XRT, Burrows
et al. 2005) aboard Swift are reduced using the standard XRT
pipeline as part of HEASOFT v6.23. To extract the source spec-
tra from data gathered while the XRT was in the photon counting
(PC) mode, we used a circular region centered at its J2000 coor-
dinates with a 25 ′′ radius or 80 ′′ radius depending on the source
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characteristics. Background counts were extracted from an annu-
lus encompassing the source extraction region. When XRT was
in the window timing mode (WT), the source extraction region
consisted of a square with a width of 40 pixels while background
counts were extracted from a similar-sized region situated away
from the source.
The observed spectra were fitted using a suit of various X-
ray spectral fitting software packages. For all objects, the pho-
toionization cross-sections from Verner et al. (1996) and abun-
dances from Wilms et al. (2000) were employed. The goal of
X-ray spectral fitting was to provide the parameters describing
the X-ray radiation field in the format required for the stellar at-
mosphere modeling (see Sect. 4.1). X-ray spectra of HMXBs are
typically well represented by power law spectral models, which
are not yet implemented in our stellar atmosphere model. There-
fore, we decided to fit the observed spectra using a fiducial black
body spectral model. The fitting returns a “temperature” param-
eter TX, which is not-physical but is employed to describe the
spectral hardness and X-ray photon flux.
The Swift XRT observation of HD 153919 was taken in
the WT mode. We extracted 43,640 net source counts during
5270 s of exposure time. After rebinning the spectral data to con-
tain a minimum of 20 net counts per bin, we fit an absorbed
(NH = 15+4−2 × 1022 cm−2) blackbody (kBT = 2.1 ± 0.1 keV) plus
a power-law component (Γ = 4 ± 1). The observed X-ray flux is
1.2+0.2−0.1×10−9 erg cm−2 s−1. Chandra observations of HD 153919
are presented by Martinez-Chicharro et al. (2018). Towards the
end of the observation which lasted about 4 h, the source experi-
enced a flare with X-ray flux increasing by a factor of three. Our
HST observations were partially obtained during the end of this
flare.
Nineteen source (+background) counts were gathered during
the XRT observation of BD+60 73 taken on the same day as the
HST observation (ObsID 00032620025). Without rebinning the
data, and assuming C-statistics (Cash 1979), we fit an absorbed
blackbody model and obtained spectral parameters that were
poorly constrained (NH = 4+28−3 × 1022 cm−2 and kBT ∼ 1 keV)
with an observed flux of 6.2 × 10−14 erg cm−2 s−1.
HD 306414 was not detected in any of the contemporaneous
Swift observations, and therefore we could not measure its X-ray
flux. HD 100199 was marginally detected with 12 ± 4 photons
in an observation one day before the HST observation (ObsID
00035224007). We estimate a flux of 2.7+3.9−1.8×10−13 erg cm−2 s−1
from these data.
LM Vel was also very X-ray faint during the HST observa-
tion (ObsID 00037881107). We therefore use Swift data taken
a few days earlier (ObsID 00037881103) to measure the spec-
tral shape. We find that a thermal blackbody model describes the
data well, and use this model to fit the simultaneous data. There
we find a flux of 5.8 × 10−13 erg cm−2 s−1 between 3–10 keV.
For BD+53 2790 (4U 2206+543), we extracted 2511 net
source counts during an 1106 s XRT observation in WT mode.
The spectral data were arranged in order to contain at least 20
counts per bin, and were then fit with an absorbed blackbody
model (NH ≤ 8 × 1021 cm−2 and kBT = 1.3 ± 0.1 keV). The
model derived flux is 1.3 ± 0.1 × 10−11 erg cm−2 s−1.
A compilation of the X-ray data used in this work can be
found in Table A.3, while the derived X-ray luminosities are
listed in Table 3.
Table 3. X-ray luminosities measured at times close to the HST obser-
vations (see text for details)
Identifier log LX [erg/s]
HD 153919 4U 1700-37 36.03
BD+60 73 IGR J00370+6122 31.90
LM Vel IGR J08408-4503 32.50
HD 306414 IGR J11215-5952 –
BD+53 2790 4U 2206+54 34.24
HD 100199 IGR J11305-6256 –
Notes. A – indicates that the source was below the detection limit of
Swift during the observations.
4. Spectral modeling
4.1. Stellar atmosphere models
The spectral analyses presented in this paper were carried out
with the Potsdam Wolf-Rayet (PoWR) models. PoWR is a state-
of-the-art code for expanding stellar atmospheres. The main as-
sumption of this code is a spherically symmetric outflow. The
code accounts for deviation from the local dynamical equilib-
rium (non-LTE), iron line blanketing, wind inhomogeneities, a
consistent stratification in the quasi hydrostatic part, and option-
ally also for irradiation by X-rays. The rate equations for the sta-
tistical equilibrium are solved simultaneously with the radiative
transfer in the comoving frame, while energy conservation is en-
sured. Details on the code can be found in Gräfener et al. (2002),
Hamann & Gräfener (2003), Todt et al. (2015), and Sander et al.
(2015).
The inner boundary of the models is set to a Rosseland con-
tinuum optical depth τross of 20, defining the stellar radius R∗.
The stellar temperature T∗ is the effective temperature that cor-
responds to R∗ via the Stefan-Boltzmann law,
L = 4piσSBR2∗T
4
∗ , (2)
with L being the luminosity. The outer boundary is set to Rmax =
100R∗, which proved to be sufficient for our program stars.
In the subsonic part of the stellar atmosphere, the veloc-
ity field v(r) is calculated consistently such that the quasi-
hydrostatic density stratification is fulfilled. In the wind, corre-
sponding to the supersonic part of the atmosphere, a β-law (Cas-
tor & Lamers 1979; Pauldrach et al. 1986) is assumed. A double-
β law (Hillier & Miller 1999; Gräfener & Hamann 2005) in the
form described by Todt et al. (2015) is used for those objects
where β values larger than unity are required to achieve detailed
fits. For the first exponent we always assume 0.8, while the sec-
ond exponent is adjusted during the spectral fitting procedure.
The gradient of such a double-β law is steeper at the bottom of
the wind than for a single β-law with a large exponent.
In the main iteration, line broadening due to natural broad-
ening, thermal broadening, pressure broadening, neglected mul-
tiplet splitting, and turbulence is approximately accounted for
by assuming Gaussian line profiles with a Doppler width of
30 km s−1. The turbulent pressure is accounted for in the quasi
hydrostatic equation (see Sander et al. 2015 for details). In
the formal integral, line broadening is treated in all detail. For
the microturbulence we set ξ = 10 km s−1 in the photosphere,
growing proportional with the wind velocity up to a value of
ξ(Rmax) = 0.1 v∞. The only exceptions are the supergiants
HD 306414 and BD+60 73 where higher ξ values are necessary
to reproduce the observation (see Appendix B for details). The
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atmospheric structures (e.g., the density and the velocity strati-
fication) of the final models for the donor stars are listed in Ta-
bles A.6 – A.11.
Wind inhomogeneities are accounted for in the “micro-
clumping” approach that assumes optically thin clumps (Hillier
1991; Hamann & Koesterke 1998). The density contrast be-
tween the clumps of an inhomogeneous model and a homoge-
neous one (with the same mass-loss rate M˙) is described by the
clumping factor D. Since the interclump medium is assumed
to be void, D is the inverse of the clump’s volume filling fac-
tor fV = D−1. According to hydrodynamical simulations (e.g.,
Runacres & Owocki 2002; Sundqvist et al. 2018), a radial de-
pendency is expected for the clumping factor. Here, we use the
clumping prescription suggested by Martins et al. (2009). The
clumping onset (parameterized by vcl), where the clumping be-
comes significant, is set to 10 km s−1, since this results in the best
fits for all objects where this property could be constrained. The
clumping factor is adjusted for each individual object.
The PoWR code accounts for ionization due to X-rays. The
X-ray emission is modeled as described by Baum et al. (1992),
assuming that the only contribution to the X-ray flux is coming
from free-free transitions. Since the current generation of PoWR
models is limited to spherical symmetry, the X-rays are assumed
to arise from an optically-thin spherical shell around the star. The
X-ray emission is specified by three free parameters, which are
the fiducial temperature of the X-ray emitting plasma TX, the on-
set radius of the X-ray emission R0 (R0 > R∗), and a filling factor
Xfill, describing the ratio of shocked to non-shocked plasma. For
our HMXBs, the onset radius is set to the orbital distance be-
tween the donor star and the NS companion. The temperature
of the X-ray emitting plasma are obtained from fits of the ob-
served X-ray spectra (see Sect. 3.3). The X-ray filling factor is
adjusted such that the wavelength integrated X-ray flux from the
observations is reproduced by the model.
The effects of the X-ray field on the emergent spectra are
illustrated in Fig. 1. While the photospheric absorption lines
are not affected at all, certain wind lines change significantly.
Whether the lines become stronger or weaker depends on the in-
dividual combination of the wind density at the position of the
NS, the ionization balance in the wind, and the hardness and
intensity of the X-rays injected. There is some parameter degen-
eracy as, for some models, nearly identical line profiles are ob-
tained when reducing M˙ and instead increasing the X-ray filling
factor. Fortunately, this ambiguity can be avoided in the analysis
of most of our targets because the X-ray field is constrained from
observations (see Sect. 3.3). The injected X-ray radiation is of-
ten needed to reproduce the wind lines in the UV and, hence, to
measure the terminal wind velocity and mass-loss rate.
Complex model atoms of H, He, C, N, O, Mg, Si, P, and
S (see Table A.4 for details) are considered in the non-LTE cal-
culations. The multitude of levels and line transitions inherent to
the iron group elements (Sc, Ti, V, Cr, Mn, Fe, Co, and Ni) are
treated in a superlevel approach (see Gräfener et al. 2002).
4.2. Applicability of the models
One of the main assumption of the PoWR models as well as
all other stellar atmosphere codes, with the exception of the
PHOENIX/3D code (Hauschildt & Baron 2014), is spherical
symmetry. In HMXBs, however, the spherical symmetry is bro-
ken by the presence of the compact object. On the other hand, the
X-ray luminosities are often quite modest in HMXBs with NS
companions. This is also the case for the systems studied in this
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Fig. 1. Comparison between two model spectra calculated for
BD+60 73 to illustrate the effect of the X-rays (red: with X-rays, black:
without X-rays).
work, as illustrated by the values given in Table 3. For all but one
sources, the X-ray luminosities are below log LX = 35 [erg/s].
For those X-ray luminosities, we expect that the disruptive
effect of the X-rays emitted by the NS on the donor star wind
is relatively limited. The only exception might be HD 153919
(4U 1700-37) that exhibited an X-ray luminosity of log LX =
36.03 [erg/s] during our HST observation. The HST spectrum
of this source was taken during the end of an X-ray outburst
described in Martinez-Chicharro et al. (2018). However, only
minor variations are present in the HST spectrum compared to
earlier observations with the IUE satellite. This is illustrated in
Fig. 2, where we compare our HST spectrum with an averaged
IUE spectrum constructed from observations in the high reso-
lution mode that were taken between 1978 and 1989 with the
large aperture. We used all available data sets with the exception
of one exposure (Data ID: SWP36947) that exhibits a signifi-
cantly lower flux compared to all other observations. The wind
of HD 153919 does not show any sign of inhibition, suggesting
that the volume significantly affected by the X-ray emission of
the NS is rather small. This is consistent with the findings by van
Loon et al. (2001).
This gives us confidence that the winds of the donor stars
in the studied systems are not disrupted by the X-ray emission
of the NSs and that the applied models are valid within their
limitations. However, for the individual objects, observational
time series are necessary to confirm this.
4.3. Spectral analysis
An in-depth spectral analysis of a massive star with non-LTE
model spectra is an iterative process. Our goal is to achieve a
overall best model fit to the observed data, while weighting the
diagnostics according to their sensibility to the stellar parame-
ters as described below. Starting from an estimate of the stellar
parameters based on the spectral type of the target, a first stel-
lar atmosphere model is calculated and its emergent spectrum is
compared to the observations. This and the subsequent compar-
isons are performed “by eye” without any automatic minimiza-
tion procedures. Based on the outcome of the initial comparison,
the model parameters are adjusted, and a new atmosphere model
is calculated. This procedure is repeated until satisfactory fits
of the observations with the normalized line spectrum and the
spectral energy distribution (SED) is achieved. As an example,
the final fit of the normalized line spectrum of HD 306414 is pre-
sented in Fig. 3.
For those objects in our sample with T∗ > 30 kK, the stellar
temperature is primarily derived from the equivalent-width ratio
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Fig. 2. HD 153919: comparison between our HST spectrum and an averaged IUE spectrum constructed from data taken between 1978 and 1989.
Upper panel: HST spectrum (blue dotted line) and IUE spectrum (green continuous line); lower panel: difference between the HST spectrum and
the averaged IUE spectrum
between He i and He ii lines, such as He i λλ 4026, 4144, 4388,
4713, 4922, 5015, 6678 and He ii λλ 4200, 4542, 5412, 6683. For
stars with lower stellar temperatures, we additionally used the
line ratios of Si iii to Si iv (Si iii λλ 4553, 4568, 4575, 5740 and
Si iv λλ 4089, 4116) and N ii to N iii (N ii λλ 4237, 4242, 5667,
5676, 5680, 5686, and N iii λλ 4035, 4097).
The surface gravity log ggrav is derived from the pressure
broadened wings of the Balmer lines, focusing on the Hγ and
Hδ line, since Hβ and Hα are often affected by emission lines
from the stellar wind.
The luminosities of all our targets together with the color
excess EB−V and the extinction-law parameter RV for the indi-
vidual lines of sight are obtained from a fit of the corresponding
model SED to photometry and flux calibrated spectra. For this
purpose, different reddening laws are applied to the synthetic
SEDs. The finally adopted reddening prescriptions are given in
Table 4. Moreover, the model flux is scaled to the distance of
the corresponding star, using the values compiled in Table 1. For
example, the SED fit of HD 306414 is shown in Fig. 4.
The projected rotational velocity and the microturbulence
velocity in the photosphere are derived from the line profiles and
the equivalent width of metal lines, such as Si iv λλ 4089, 4116;
Si iii λλ 4553, 4568, 4575; Mg ii 4481 λ; and C iv λλ 5801, 5812.
Macroturbulence is not considered in this approach, and thus the
v sin i values reported in Table 4 must be considered as upper lim-
its. With the iacob-broad tool (Simón-Díaz & Herrero 2014),
which separately determines a possible macroturbulent contri-
bution to the line broadening, we obtained similar v sin i values
within their error margins. The terminal wind velocity and the
radial dependence of the microturbulence velocity are simulta-
neously estimated from the extend and shape of the P Cygni ab-
sorption troughs of the UV resonance lines. The β parameter of
the velocity law is adjusted such that the synthetic spectrum can
reproduce the profiles of the UV resonance lines and the full-
width at half-maximum (FWHM) of the Hα emission. For the
objects presented in this work, a double-β law with a second β
exponent in the range of 1.2–3.0 result in slightly better spectral
fits compared to the canonical β-law with β = 0.8 for O-type
stars (Kudritzki et al. 1989; Puls et al. 1996). Note that the mass-
loss rate derived from a spectral fit also slightly depend on the
used β value.
The mass-loss rate and the clumping parameters are de-
rived by fitting the wind lines in the UV and the optical. The
main diagnostics for determining the mass-loss rates are the
UV resonance lines exhibiting P Cygni line profiles, namely,
C iv λλ 1548, 1551 and Si iv λλ 1394, 1403. The clumping factor
and the onset of the clumping are adjusted such that a consistent
fit of unsaturated UV lines and Hα could be achieved, utilizing
the different dependency of those lines on density (linearly for
the resonance lines and quadratic for recombination lines, such
as Hα).
The abundances of the individual elements are adjusted such
that the observed strength of the spectral lines belonging to the
corresponding element are reproduced best by the model.
5. Stellar and wind parameters
The stellar and wind parameters of the investigated donor stars
are listed in Table 4 together with the corresponding error mar-
gins. For those physical quantities that are directly obtained from
the spectral fit (T∗, log g, log L, v∞, β, M˙, EB−V ,RV , v sin i, abun-
dances), the corresponding errors are estimated by fixing all pa-
rameters but one and varying this parameter until the fit becomes
significantly worse. For those quantities that follow from the fit
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Fig. 3. Normalized line spectrum of HD 306414. The upper panel depicts a part of the UV spectrum, while the lower panel shows a section of the
optical spectrum. The observation is shown in blue. The best fitting synthetic spectrum is overplotted by a dashed red line.
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Fig. 4. Spectral energy distribution (SED) of HD 306414, composed of the flux calibrated HST spectrum (blue continuous line) and photometry
(blue boxes, labeled with the corresponding magnitudes). The best fitting model SED is depicted by a dashed red line. The model flux is corrected
for interstellar extinction and the geometric dilution according to the distance to HD 306414 (6.5 kpc).
parameters, the errors are estimated by linear error propagation.
We do not account for uncertainties in the orbital parameters,
since they are often not known. Moreover, the quoted errors do
not account for systematic uncertainties, e.g., because of the sim-
plifying assumptions of the models such as spherical symmetry.
5.1. Comparison with single OB-type stars
The winds of massive stars are characterized by a number of
quantities, such as M˙, v∞, or D. Since only a low number of
donor-star winds have been analyzed by means of sophisticated
atmosphere models, it is statistically unfavorable to pursue com-
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Table 4. Inferred stellar and wind parameters
HMXB type persistent intermediate ——– SFXT ——– persistent / Be X-ray
Oe X-ray
Name HD 153919 BD+60 73 LM Vel HD 306414 BD+53 2790 HD 100199
Spectral type O6 Iafpe BN0.7 Ib O8.5 Ib-II(f)p B0.5 Ia O9.5 Vep B0 IIIne
Alias name 4U 1700-37 IGR J00370+6122 IGR J08408-4503 IGR J11215-5952 4U 2206+54 IGR J11305-6256
T∗ (kK) 35+2−3 24
+1
−1 30
+3
−3 25
+1
−1 30
+3
−3 30
+2
−3
T2/3 (kK) 34 23 29 24 30 30
log g∗ (cm s−2) 3.4+0.4−0.4 2.9
+0.1
−0.1 3.2
+0.2
−0.2 2.8
+0.2
−0.2 3.8
+0.3
−0.5 3.6
+0.2
−0.2
log L (L) 5.7+0.1−0.1 4.9
+0.1
−0.1 5.3
+0.1
−0.1 5.4
+0.1
−0.1 4.9
+0.1
−0.1 4.4
+0.1
−0.1
v∞/103 (km s−1) 1.9+0.1−0.1 1.1
+0.1
−0.2 1.9
+0.1
−0.1 0.8
+0.2
−0.1 0.4
+0.1
−0.1 1.5
+0.3
−0.3
βa 2+1−1 1.2
+0.6
−0.4 1.4
+0.4
−0.4 3
+1
−1 1.0 0.8
R∗ (R) 19+5−6 17
+4
−4 17
+6
−5 28
+6
−5 11
+4
−4 6
+2
−2
R2/3 (R) 20 18 17 31 11 6
D 20+50−15 20
+50
−16 20
+10
−5 20
+10
−10 10
b 10b
log M˙ (Myr−1) −5.6+0.2−0.3 −7.5+0.1−0.2 −6.1+0.2−0.2 −6.5+0.2−0.2 −7.5+0.3−0.3 −8.5+0.5−0.5
v sin i (km s−1) 110+30−50 120
+20
−20 150
+20
−20 60
+20
−20 200
+50
−50 230
+60
−60
MV,John (mag) −6.4 −5.3 −5.8 −6.6 −4.7 −3.5
XH (mass fr.)c 0.65+0.1−0.2 0.45
+0.1
−0.1 0.5
+0.1
−0.1 0.6
+0.13
−0.2 0.7375 0.7375
XC/10−3 (mass fr.)c 2.5+2−1 0.5
+0.2
−0.2 2.5
+1.5
−1.0 0.25
+0.15
−0.10 2.37 2.37
XN/10−3 (mass fr.)c 2.0+2−1 2.5
+1.5
−1.0 2.0
+1.0
−1.0 4.0
+2
−2 0.69 0.69
XO/10−3 (mass fr.)c 3+2−1 3
+1
−1 6
+2
−2 6
+4.0
−2.5 5.73 5.73
XSi/10−4 (mass fr.)c 3+3−2 4
+1
−2 6
+3
−3 10
+5
−3 6.65 6.65
XMg/10−4 (mass fr.)c 6.92 9+3−3 5
+2
−2 5
+4
−2 6.92 6.92
EB−V (mag) 0.50+0.01−0.01 0.85
+0.01
−0.01 0.44
+0.01
−0.01 0.83
+0.01
−0.01 0.595
+0.015
−0.01 0.34
+0.01
−0.01
RV (reddening lawd ) 3.1 (Seaton) 2.8+0.1−0.1 (Cardelli) 3.1 (Seaton) 3.0
+0.1
−0.1 (Cardelli) 3.1 (Seaton) 3.1 (Seaton)
Mspec (M) 34+100−28 8
+8
−4 16
+29
−11 18
+24
−11 27
+67
−23 6
+9
−4
a2 (R∗) 1.6+1.5−0.4 2.9
+3.2
−2.8 2.9
+1.6
−0.6 12
+5
−3 5.4
+4.3
−1 -
vorb,apa (km s−1) 500+900−300 90
+50
−30 120
+200
−60 30
+30
−20 200
+400
−200 -
vorb,peri (km s−1) 500+900−300 300
+200
−90 500
+500
−200 300
+200
−100 400
+600
−200 -
vwind,apa (km s−1) 400+600−300 850
+50
−40 1400
+200
−200 730
+30
−20 350
+30
−30 -
vwind,peri (km s−1) 400+600−300 200
+200
−200 30
+600
−30 220
+200
−70 300
+50
−40 -
Rrl,apa (R∗)e 1.1+0.5−0.2 1.5
+0.3
−0.2 1.6
+0.6
−0.3 2.6
+0.7
−0.3 1.9
+0.9
−0.3 -
Rrl,peri (R∗)e 1.1+0.5−0.2 0.83
+0.12
−0.07 0.70
+0.19
−0.08 1.6
+0.3
−0.2 1.8
+0.5
−0.2 -
Notes. (a) Values larger than unity refer to the second exponent in a double-β law (see Sect. 4.1 for details). (b) We were not able to determine the
precise clumping factor (see Appendix. B for details) (c) Entries without errors are fixed to solar abundances (Asplund et al. 2009) (d) References:
Seaton (1979); Cardelli et al. (1989) (e) Calculated via the approximation presented by Sepinsky et al. (2007), assuming the orbital parameters
given in Table 2
parisons for individual wind parameters. Therefore, we use the
so-called modified wind momentum Dmom to evaluate the winds
of the donor stars. The modified wind momentum is defined as
Dmom = M˙v∞R1/2∗ . (3)
In Fig. 5, we plot Dmom over the luminosity. A tight linear
relation between the luminosity and the modified wind momen-
tum is predicted by the line-driven wind theory (Kudritzki et al.
1995; Puls et al. 1996; Kudritzki et al. 1999). This so-called
wind-momentum luminosity relation (WLR) is observationally
confirmed for a variety of massive stars (e.g., Kudritzki et al.
1999; Kudritzki 2002; Massey et al. 2005; Mokiem et al. 2007).
Exceptions are certain categories of objects such as the so-called
weak-wind stars (Bouret et al. 2003; Martins et al. 2005; Mar-
colino et al. 2009; Shenar et al. 2017), where most of the wind
mass-loss might be hidden from spectral analyses based on opti-
cal and UV data (see e.g., Oskinova et al. 2011; Huenemoerder
et al. 2012). In addition to the stars analyzed in this work, we
also plot in Fig. 5 the results obtained by Giménez-García et al.
(2016) and Martínez-Núñez et al. (2015) for the donor stars in
one SFXT (IGR J17544-2619) and two persistent HMXBs (Vela
X-1 and U9 1909+07) as well as the values compiled by Mokiem
et al. (2007) for Galactic O and B-type stars.
The donor stars in the investigated HMXBs fall in the same
parameter regime as observed for other Galactic OB-type stars.
Moreover, Fig. 3 shows that these donors also follow the same
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Fig. 5. Modified wind momentum over the luminosity. The SFXTs and
the persistent HMXBs are shown by green and red asterisks, respec-
tively. In addition to the objects investigated in this work, we also show
the results obtained by Martínez-Núñez et al. (2015) and Giménez-
García et al. (2016). The dark blue triangles and light blue squares de-
pict the analyses compiled by Mokiem et al. (2007) for O and B-type
stars, respectively.
WLRs as other massive stars in the Galaxy, indicating that the
fundamental wind properties of the donor stars in wind-fed
HMXBs are well within the range of what is expected and ob-
served for these kind of massive stars.
5.2. Wind parameters of SFXTs versus those of HMXBs
A comparison between the wind parameters of the donor stars
in SFXTs with those in persistent HMXBs reveals that there is
no general distinction (see Table 4). For example, HD 153919
and LM Vel both have winds with a high terminal velocity of
1900 km s−1, but the former is a persistent HMXB, while the
latter is a SFXT. Moreover, we find SFXTs with quite differ-
ent wind properties: while LM Vel exhibits a fast stellar wind
and a relatively high mass-loss rate, HD 306414 has a signifi-
cantly slower wind (v∞ = 800 km s−1) and a low mass-loss rate.
In fact, the parameters of HD 306414 are quite similar to those
of Vela X-1 (Giménez-García et al. 2016), while Vela X-1 is a
persistent source in contrast to HD 306414.
The wind properties are important for characterizing the
donor stars. However, the accretion onto the compact object and,
consequently, the X-ray properties of a system depend on the
wind conditions at the position of the compact object. Based on
the orbital parameters (Table 2), we determine the wind velocity
at the apastron and periastron positions of the NS (see Table 4).
As described in Sect. 4.1, we assume a double-β law (with the
second β exponent given in Table 4) for the wind velocity in the
supersonic regime. However, the double-β law as well as the sin-
gle β-law might not be a perfect representation of the wind struc-
ture in some HMXBs (Sander et al. 2018a). Moreover, the wind
velocity in the direction to the NS might be reduced because of
the influence of the X-rays on the wind structure (Krticˇka et al.
2015; Sander et al. 2018a). Thus, the real wind velocity could be
slightly lower than what we constrain here. However, we do not
expect that this effect is significant for the objects in our sample
because of the relatively low X-ray luminosities of the NSs (see
Table 3). A more detailed investigation will be presented in a
forthcoming publication using hydrodynamic atmosphere mod-
els.
From Table 4, we clearly see that the velocities of the donor
star winds at the position of the NSs (vwind,peri & vwind,apa) are sig-
nificantly lower than the corresponding terminal wind velocities
(v∞). We note that the value of the β velocity-law derived in this
work defines the wind structure and as such has an influence on
the wind velocity determined for the position of the NS. Low β
values result in higher velocities compared to high β values. For
the extreme case of HD 304614, the uncertainty from the spectral
fit is ±1 for the second exponent of the double-β law. This un-
certainty results in an error of less than 5 % for the wind velocity
at the position of the NS during apastron, while it is about 30 %
during periastron. These errors are significantly smaller than the
those resulting from the orbital configuration, which are the main
source for the errors quoted in Table 4.
The wind velocities at the position of the NSs are modu-
lated with the orbital configurations of the systems. An intrigu-
ing example is LM Vel: while the wind velocity at apastron is
1400 km s−1, it is as low as 30 km s−1 at periastron. In contrast,
the system harboring HD 153919 (4U 1700-37), the only truly
persistent source in our sample, exhibits a negligible eccentric-
ity and, therefore, a stable wind velocity at the position of the
NS. This velocity is about 20 % of its terminal value, while the
wind velocity at apastron in the SFXTs is > 70 % of v∞. In gen-
eral, it seems that in SFXTs, the velocity of the donor star winds
at the periastron position of the NSs is lower than in the persis-
tent sources. During apastron passage this situation appears to
be reversed. Hence, we can conclude that the wind velocities at
the position of the NS are significantly modulated by the orbital
configuration in the SFXTs. This suggests that the orbits might
play an important role in the dichotomy of wind-fed HMXBs as
already proposed by Negueruela et al. (2006). In general, this di-
chotomy likely reflects a complex interplay between the donor-
star parameters, the orbital configuration, and the NS properties.
5.3. Relative velocities and constraints on the formation of
temporary accretion disks
Another interesting discovery is that the donor star wind velocity
at periastron in all studied systems is within the uncertainties sta-
tistically indiscernible from the NSs orbital velocity. According
to Wang (1981) these conditions are favorable for the formation
of an accretion disk around the NS. Such a disk would act as a
reservoir and might allow for X-ray outbursts peaking after pe-
riastron passage, and should also modify the X-ray light curve
(see e.g., Motch et al. 1991). The formation of accretion disks
regularly during periastron could potentially also influence the
evolution of the spin period of the neutron star.
To check whether an accretion disk can form, we adopt the
prescription from Wang (1981) in the formulation given by Wa-
ters et al. (1989). According to these studies, an accretion disk
can form if
vrel ≤ 304 η1/4
(Porb
10 d
)−1/4 (MNS
M
)5/14 ( RNS
106 cm
)−5/28
( B0
1012 G
)−1/14 ( LX
1036 erg/s
)1/28
km s−1 ,
(4)
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where Porb is the orbital period in days and η describes the ef-
ficiency of the angular momentum capture. The NS properties
enter with the magnetic flux density B0, the X-ray luminosity
LX, the NS mass MNS, and radius RNS.
With the help of Eq. (4), we can thus estimate whether an ac-
cretion disk around the NSs in our target systems would form.
For RNS, we assume 1.1 × 106 cm based on the estimates by
Özel & Freire (2016). We assume a magnetic flux density of
B0 = 1012 G for all NSs in our sample. The only exception is
BD+53 2790, where Torrejón et al. (2018) constrain the mag-
netic field of the NS to B0 > 2 × 1013 G. We also assume the
canonical NS mass MNS = 1.4 M (Thorsett & Chakrabarty
1999). The only exception is the NS companion of HD 153919,
for which Falanga et al. (2015) derive a mass of 1.96 M. More-
over, we set the efficiency factor to η = 1, as expected in the
presence of an accretion disk (Waters et al. 1989). Based on
these assumptions, we find that no disks are predicted to form
in any of our target systems. Note that Eq. (4) is strictly valid
only for circular systems. Moreover, if the X-ray luminosity of
the SFXTs is higher during an outburst than during our Swift
observations, we might obtain a different result. However, even
for Lx = 1038 erg s−1 no accretion disks are predicted to form.
Recent detailed studies of wind dynamics in the vicinity
of an accreting NS have been performed by El Mellah et al.
(2019a). Their 3-D simulations show that when orbital effects
are dynamically important, the wind dramatically departs from
a radial outflow in the NS vicinity and the net angular momen-
tum of the accreted flow could be sufficient to form a persistent
disk-like structure. On the other hand, the 3-D hydrodynamic
models by Xu & Stone (2019) show that in flows that are prone
to instability, such as stellar winds, the disks are not likely to
form. In support of this, observations do not indicate presence
of stable accretion disks in HMXBs with NS components (e.g.,
Bozzo et al. 2008). Thus, the question of persistent disk forma-
tion remains open. Our spectral models, which rely on spherical
symmetry, are capable of reproducing the line shapes formed in
the stellar wind (e.g., lines with P Cygni profiles); this argues in
the favor of the models where the wind flow is strongly bent only
in a limited volume close to the NS.
We highlight that the orbital velocity cannot be neglected,
since it is comparable to the wind velocity at the position of the
NS. Thus, it needs to be accounted for when estimating the mass
accretion rate from the donor-star wind according to the Bondi-
Hoyle-Lyttleton mechanism. Consequently, the orbital velocity
is important for predicting the X-ray luminosity (see also Sect. 1
and 7).
5.4. Abundances
In Table 4, we also list the chemical abundances for our program
stars. Abundances that are derived from the spectral fits are given
with the estimated errors. For those elements where only insuf-
ficient diagnostics are available, the abundances are fixed to the
solar values, and the corresponding entries in Table 4 are given
without errors.
Two thirds of our sample (HD 153919, BD+60 73,
HD 306414, and LM Vel) shows a significant depletion
of hydrogen compared to the primordial abundance. For
BD+53 2790 and HD 100199 no deviation from this value
could be detected. Nitrogen is enriched with respect to the
solar value (Asplund et al. 2009) in all investigated wind-fed
HMXBs. HD 153919 and LM Vel exhibit a carbon abundance
that is approximately solar, while carbon is subsolar in all
other objects. The same applies to oxygen, which is depleted in
all investigated objects with the exception of HD 306414 and
LM Vel, which shows an oxygen abundance of about XO = XO,
and 1.1 XO,, respectively.
Crowther et al. (2006) determine CNO abundances for
25 Galactic OB-type supergiants. They constrain mean [N/C],
[N/O], and [C/O] logarithmic number ratios (relative to solar) of
+1.10, +0.79, and -0.31, respectively. Only BD+60 73 appears to
be fully consistent with these results, while the other objects in
our sample exhibit conspicuous abundance patterns. The [C/O]
ratio of HD 153919 and LM Vel (0.31 and 0.01) is significantly
higher than the average values derived by Crowther et al. (2006),
while it is substantially lower for HD 306414 ([C/O] = -1.0).
In general, silicon and magnesium seems to be depleted
in our program stars, with the exception of HD 306414 and
BD+60 73. The former shows a supersolar silicon abundance,
while the latter exhibits a slightly supersolar magnesium abun-
dance. However, we note that the uncertainties for these abun-
dance measurements are quite high. Hence, the results have to
be interpreted with caution. In the next section, we will discuss
these abundance patterns in an evolutionary context.
6. Stellar evolutionary status
The detailed investigation of HMXBs offers the possibility to
constrain open questions of massive star evolution, SN kicks,
and common envelope (CE) phases.
6.1. Common envelope evolution and NS natal kicks
The formation of a HMXB is a complex process. In the standard
scenario, a massive binary system initiates RLOF from the pri-
mary to the secondary. This mass transfer becomes dynamically
unstable, if the secondary cannot accrete all of the material. This
often results in a CE phase that either leads to a merger or to the
ejection of the primary’s envelope, entailing a significant shrink-
age of the binary orbit (e.g., Paczyn´ski 1967; Taam & Sandquist
2000; Taam & Ricker 2010; Ivanova et al. 2013, and references
therein). In the latter case, the stripped primary will undergo a
core collapse forming a compact object, which can accrete mat-
ter from the rejuvenated secondary. These systems then emerge
as HMXB.
If the mass transfer is stable, or in the case of large initial or-
bital separations, a CE phase can be avoided. To form a HMXB,
however, this evolutionary path requires fortuitous SN kicks to
reduce the orbital separation to the small values observed for the
majority of these systems (Walter et al. 2015).
With the exception of HD 306414, all investigated wind-fed
HMXBs have tight orbits with periods of less than 16 d and
semi-major axes of less than 64R. These separations are signif-
icantly smaller than the maximum extension of the NS progeni-
tor. Therefore, each of these systems could indeed have already
passed through a CE phase. Alternatively, the core collapse that
leads to the formation of the NS was asymmetric and imparted a
natal kick on the new-born NS. This reduced the orbital separa-
tions and hardened the system. A third possibility, in principle,
is that the binary was in a close configuration from the begin-
ning, and this has not changed because the components evolved
quasi-homogeneously (e.g., Maeder 1987; Langer 1992; Heger
& Langer 2000; Yoon & Langer 2005; Woosley & Heger 2006).
This prevents a significant expansion of the stars, so that the
system never entered a CE phase. However, there is no reason
to suspect quasi homogeneous evolution (QHE) in our studied
donor stars.
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No significant eccentricity is expected for post CE systems,
which is in strong contrast to most HMXBs in our sample. Yet,
the current eccentricity of these systems might be a result of the
core-collapse event, suggesting that relatively large natal kicks
are associated with the formation of NSs. This appears to be
consistent with the results presented by Tauris et al. (2017), who
find evidence that the kicks of the first SN in binaries evolving
towards double neutron stars (DNSs) are on average larger than
those of the second SN. In our sample, only HD 153919 does not
show any substantial eccentricity. This is either a result of tidal
circularization after the first SN, which appears plausible con-
sidering the advanced evolutionary status of HD 153919, or of a
CE phase, which however implies that the SN kick was negligi-
ble in this case. Although the presence of a NS in this system
is strongly favored (Martinez-Chicharro et al. 2018), a BH can-
not be excluded. Thus, a third possibility exists for HD 153919.
Since the formation of a BH is not necessary associated with
a SN and a corresponding kick, the virtual circular orbit of
HD 153919 might be a result of a CE phase.
6.2. Abundance pattern
The atmospheric abundance pattern of evolved massive stars,
such as OB-type supergiants, is often affected by CNO burn-
ing products. Those are mixed to the surface due to processes,
such as rotational induced mixing (Heger & Langer 2000). Ac-
cordingly, it is expected that the oxygen and carbon abundance
decrease in favor of the nitrogen abundance in the course of the
evolution. As stated in Sect. 5, most of our program stars are
not compatible with this scenario. On the one hand, HD 153919,
LM Vel, HD 306414, and BD+60 73 show hydrogen depletion
and nitrogen enrichment, which point to an advanced evolution
state. On the other hand, HD 153919 and LM Vel have about so-
lar carbon abundance, and HD 306414 has a supersolar oxygen
abundance. Only for BD+60 73 the hydrogen and the CNO abun-
dances are consistent with an advanced evolution state according
to single-star evolution.
For HD 153919, Clark et al. (2002) point out that its carbon
overabundance has to be a result of accretion from the NS pro-
genitor during its Wolf-Rayet (WR) stage, more precisely dur-
ing the carbon sequence WR (WC) phase. This can also serve
as an explanation for the high carbon and oxygen abundances
of LM Vel and HD 306414, respectively. In the latter case, the
NS progenitor had to reach the oxygen rich WR (WO) phase
before exploding as SN. For this scenario to work, the masses
of the corresponding WC and WO stars had to be below a cer-
tain limit to form NSs at the end. Woosley (2019) estimate that
most stars with final masses up to 6 M, corresponding to 9 M
helium core masses or 30 M on the ZAMS, will leave neutron
star remnants. This constraint is compatible with a few Galactic
WC stars (Sander et al. 2018b). If this scenario is true, it proves
that the low mass WC/WO stars indeed explode as Type Ibc SN,
instead of directly collapsing to a BH.
Alternatively, the high carbon and oxygen abundances might
be explained by pollution of material ejected during the SN ex-
plosion. In this case, significant enrichment by other elements
such as silicon and magnesium is expected as well, based on cal-
culation of nucleosynthesis yields from core-collapse SNe (e.g.,
Rauscher et al. 2002; Nomoto et al. 2006; Woosley & Heger
2007; Nomoto et al. 2013). This is in contradiction to what is de-
rived in our spectral analyses such as the low silicon abundances
in the atmospheres of HD 153919 as well as the slightly subso-
lar magnesium abundance in LM Vel and HD 306414. However,
we note the supersolar magnesium abundance of HD 306414 and
BD+60 73.
6.3. Angular momentum transfer and projected rotational
velocities
Interacting binary stars do not only exchange mass but also an-
gular momentum. Mass transfer due to RLOF often spins up the
accreting star until this mass gainer rotates nearly critical (Packet
1981; de Mink et al. 2013). As mentioned earlier, the orbital pa-
rameters of all objects in our sample suggest that mass transfer
has occurred in these systems in the past. However, in subse-
quent phases (especially the presented HMXB stage) the remain-
ing OB-type star could loose angular momentum by its wind. It
is therefore interesting to check if the donor stars exhibit rapid
rotation.
We derive projected rotational velocities in the range from
60 to 230 km s−1. Interestingly, the smallest v sin i is found
for HD 306414, which might has avoided strong binary in-
teractions in the past. The two OBe stars in our sample ex-
hibit the larges projected rotational velocities (200 km s−1 and
230 km s−1). Nonetheless, we can rule out very rapid rotation for
all donor stars in our sample. Using a rough approximation for
the critical velocity vcrit =
√
GM∗R−1∗ (neglecting for example
effects due to oblateness) and adopting the mean statistical in-
clination of 57◦, all donor stars are found to rotate far below
critical.
The v sin i distribution of Galactic OB-type stars has been in-
vestigated in many studies (e.g., Dufton et al. 2006; Fraser et al.
2010; Bragança et al. 2012; Simón-Díaz 2010; Simón-Díaz &
Herrero 2014; Garmany et al. 2015). These studies often find
evidence of a bimodal distribution, showing a low v sin i peak
and a group of fast rotators that extends to very high v sin i (e.g.,
Ramírez-Agudelo et al. 2013; Simón-Díaz & Herrero 2014; Gar-
many et al. 2015). A similar result is obtained by Ramachandran
et al. (2018) for > 200 OB-type stars in the Large Magellanic
Cloud (LMC). de Mink et al. (2013) predict that the high v sin i
peak predominately results from massive stars that were spun up
because of binary interactions, while the low-velocity peak con-
sists of single stars and binary systems that have not interacted
yet.
Based on a study of about 200 northern Galactic OB-type
stars, which also accounts for the effects of macroturbulence
and microturbulence, Simón-Díaz & Herrero (2014) find that
the v sin i distribution for O and B-type supergiants peaks at
70 km s−1 and 50 km s−1, respectively. Comparing this with the
projected rotational velocities of our sample, it appears that our
program stars rotate on average more rapidly than single OB-
type stars. This is in accordance with mass accretion in the past.
The only exception might be HD 306414.
For the O-type components in six Galactic WR + O bina-
ries, Shara et al. (2017) derive rotational velocities. Those are
expected to be nearly critical, since the O-type stars are spun
up by RLOF from the WR progenitor. However, Shara et al.
(2017) find that these stars spin with a mean rotational velocity
of 350 km s−1, which is about 65 % of their critical value. They
argue that a significant spin-down even on the short timescales
of the WR-phase (a few hundred thousand years) must have
taken place. The rotational velocities derived for our donor stars
are substantially lower than those of the O-type components in
the WR binaries. Compared to these objects, the evolution time
scales of our stars are significantly larger (a few million years).
Thus, our donor stars might had more time to spin down, which
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would be consistent with their lower rotational velocities. In this
picture, our results and those by Shara et al. (2017) coincide
nicely.
6.4. Mass-luminosity relation
In binary systems it is expected that the mass gainer is inter-
nally mixed because of angular momentum transfer. Therefore,
the mass gainer should be overluminous compared to single stars
of the same mass (e.g., Vanbeveren & De Loore 1994). To inves-
tigate whether this is the case for our program stars, we compare
the spectroscopic masses constrained in this work with masses
from stellar-evolution tracks. The latter are obtained with the
BONNSAI Bayesian statistics tool (Schneider et al. 2014). Us-
ing stellar and wind parameters (T∗, log L, log g, v sin i, XH, M˙)
and their corresponding errors as input, the BONNSAI tool in-
terpolates between evolutionary tracks calculated by Brott et al.
(2011). Based on this set of single star evolution tracks, the tool
predicts the current mass that an object with these parameters
would have, if it has evolved like a single star. The correlated
parameters are listed and compared in Table A.5.
For BD+60 73 and HD 306414, evolution masses could not
be derived in this way, since the parameters of these stars are not
reproduced by any of the underlying stellar evolution models.
BD+53 2790 exhibits a spectroscopic mass that is 35 % larger
than its evolution mass. HD 153919 and LM Vel seem to be over-
luminous for their current mass.
6.5. Future evolution
Unfortunately, binary evolution tracks that would be applicable
to the HMXBs investigated in this work are not available. Nev-
ertheless, the future evolution of our targets can be discussed
based on their current orbital configuration and the stellar prop-
erties of the donor stars. All investigated systems are compact
enough that the donor stars, in the course of their further evolu-
tion, will expand sufficiently to eventually fill their Roche lobe,
initiating direct mass transfer to their NS companions. Whether
or not this mass transfer is stable will significantly influence the
further evolution and the final fate of these HMXBs.
The stability of the mass-transfer in such systems has re-
cently received increased attention. van den Heuvel et al. (2017)
study whether this mass-transfer would lead to a (second) CE
phase and whether this would result in a merger. They conclude
that the mass-transfer is indeed unstable for a broad parameter
range, and that the vast majority of the known HMXBs, con-
sisting of supergiants with NS companions (>95 %) would not
survive the spiral-in within a CE phase. Applying their findings
to our results, and assuming a NS mass of 1.4 M, suggests that
also all systems investigated in this work will enter a CE phase
that leads to a merger. The same can be concluded from a com-
parison of the stellar and orbital parameters of our HMXBs with
the CE-ejection solutions calculated by Kruckow et al. (2016) for
massive binary systems . For all our objects, the minimal orbital
separation is significantly lower than 100R, while the spectro-
scopic masses are higher than 8 M. Comparing these constraints
with the solutions presented by Kruckow et al. (2016, see their
figure 2) suggests that the systems studied in this work are not
able to eject the CE in the upcoming CE phase. These findings
are consistent with conclusions by previous studies (e.g., Podsi-
adlowski 1994; van den Heuvel et al. 2017; Tauris et al. 2017).
If the systems studied in this work merge, they will form so-
called Thorne–Z˙ytkow objects (TZ˙O, Thorne & Zytkow 1975,
1977). Cannon et al. (1992) already discuss HMXBs as a poten-
tial source of TZ˙Os, identifying this as one of two possible chan-
nels. Podsiadlowski et al. (1995) estimate the number of TZ˙Os
in the Galaxy to be 20-200. Thorne–Z˙ytkow objects will likely
appear as red supergiants (RSGs) (Biehle 1991; Cannon 1993),
which are only distinguishable from normal RSGs by means of
specific abundance patterns. These abundances are a result of the
extremely hot non-equilibrium burning processes, that allow for
interrupted rapid proton addition (Thorne & Zytkow 1977; Can-
non 1993). The first promising candidate for a TZ˙O is identified
by Levesque et al. (2014). According to Tauris et al. (2017), a
few to ten percent of the luminous red supergiants (L ≥ 105 L)
in the Galaxy are expected to harbor a NS in their core.
Alternatively, TZ˙Os might appear as WN8 stars. This is sug-
gested by Foellmi & Moffat (2002) because of the peculiar prop-
erties of these class of objects, such as the low binary frac-
tion, strong variability, and the high percentage of runaways. Re-
cently, this has been proposed to be a valid scenario for WR 124
(Toalá et al. 2018). Based on population synthesis models, al-
ready De Donder et al. (1997) have proposed that WR stars with
compact objects at their center should exist. They denote these
objects as “weird” WR stars. In view of the above results, we are
inclined to conclude that the binaries examined in this work will
presumably form some kind of TZ˙Os in the future.
However, a certain fraction of the HMXB population ob-
viously survives, since we see compact DNS systems. If the
HMXBs can avoid a merger in the imminent CE phase, they will
likely undergo an additional phase of mass transfer according to
the Case BB scenario (Tauris et al. 2015, 2017). This will lead
to an ultra stripped star, which will explode as a Type Ib/Ic SN,
leaving a NS. Since the associated kick will likely be small (Tau-
ris et al. 2017), the binary system will presumably stay intact,
forming a DNS.
Independent of the future evolution of the HMXBs investi-
gated in this study, we highlight that HMXBs and their properties
offer the possibility to falsify stellar evolution scenarios and pop-
ulation synthesis models predicting event rates of double degen-
erate mergers. These simulations often also include some kind of
HMXB evolution phase. Thus, the properties of the HMXB pop-
ulation can be used to constrain these models. Therefore, further
studies analyzing a large fraction of the HMXB population are
imperative.
7. Efficiency of the accretion mechanism
The X-ray luminosity LX of the accreting NS in our HMXBs
is related to the accretion rate S accr via the accretion efficiency
parameter :
LX = S accrc2 . (5)
The actual value of the accretion efficiency depends on the de-
tailed physics of the accretion mechanism. Comparing the X-ray
luminosities measured with Swift during our HST observation
(see Table 3) with theoretical expectations, we are able to put ob-
servational constraints on  in some of the systems in our sample.
In the Bondi-Hoyle-Lyttleton formalism (e.g., Davidson &
Ostriker 1973; Martínez-Núñez et al. 2017), the stellar wind ac-
cretion rate, S accr, can be estimated as
S accr ≈ 1.5 × 107
(
M˙
M yr−1
) (
vrel
108cm s−1
)−4
(
MNS
M
) (
dNS
R
)−2
S Edd ,
(6)
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where dNS is the orbital separation and S Edd is the Eddington
accretion rate, which is defined as
S Edd =
LEdd
c2
, (7)
with LEdd being the Eddington luminosity. For a fully ionized
plasma that only consists of helium and hydrogen, LEdd can be
approximated as
LEdd ≈ 2.55 × 1038 MNS/M1 + XH erg s
−1 . (8)
The hydrogen mass fraction XH of the accreted material is
obtained from our spectral analyses. The orbital separation be-
tween the donor star and the NS as well as the relative velocity
of the matter passing by the NS are phase dependent. To allow
for a meaningful comparison between the observed and the pre-
dicted X-ray flux, these parameters need to be calculated for the
specific phase of our simultaneous HST and Swift observation.
This is possible for only two systems in our sample (BD+60 73
and LM Vel) because an estimate of the inclination i is prerequi-
site for these calculations. To derive i, we make use of the mass
function
f (M) =
M3NS sin
3 i
(Mspec + MNS)2
. (9)
For BD+60 73 a mass function of f (M) = 0.0069 M is derived
by González-Galán et al. (2014), while Gamen et al. (2015) de-
termine f (M) = 0.004 M for LM Vel. Using the spectroscopic
mass of the donor stars as derived from our spectral analyses,
we are able to estimate the inclination to about 38◦ and 50◦ for
BD+60 73 and LM Vel, respectively.
With the inclination at hand and the orbital period as well as
the eccentricity from Table 2, we solve the Kepler equation nu-
merically. This allows us to derive the phase dependent distance
between the NS and the donor star dNS. The wind velocity at the
position of the NSs during our HST and Swift observations can
then be derived from the atmosphere models.
With these properties, we are able to derive the accretion
efficiencies using Eq. (5) to (8). For BD+60 73, we obtain  =
1.1 × 10−3, while it is approximately a factor of two higher for
LM Vel ( = 2.1 × 10−3). Although all stellar and wind param-
eters of the donor stars are constrained well, these results must
be treated with some caution because of the discrepancies of the
spectral fits described in Appendix B. Shakura et al. (2014) sug-
gest that at low-luminosity states, SFXTs can be at the stage of
quasi-spherical settling accretion when the accretion rate on to
the NS is suppressed by a factor of ∼ 30 relative to the Bondi-
Hoyle-Lyttleton value. This might be sufficient to explain the
low accretion efficiency deduced for LM Vel and BD+60 73. Al-
ternatively, Grebenev & Sunyaev (2007) and Bozzo et al. (2008)
suggest that a magnetic gating or a propeller mechanism could
strongly inhibit the accretion in SFXTs.
8. Wind accretion vs. Roche-lobe overflow
All HMXBs in our sample are thought to accrete matter only
from the donor star wind or from its decretion disk. This percep-
tion is called into question by our analyses. For a subset of our
sample RLOF during periastron passage seems plausible.
The Roche-lobe radii of the donor stars in our sample are es-
timated using a generalization of the fitting formula by Eggleton
(1983) for nonsynchronous, eccentric binary systems provided
by Sepinsky et al. (2007). For BD+60 73 and LM Vel, the Roche-
lobe radius at periastron, Rrl,peri, is smaller than the stellar radius
(see in Table 4). During this orbital phase, matter can be directly
transferred to the NS via the inner Lagrangian point. We note
that this finding has no influence on the estimates performed in
the previous section since the HST and corresponding Swift ob-
servations of these sources were performed during a quiescent
X-ray phase.
Interestingly, both of these sources are classified as X-ray
transients. For BD+60 73, the X-ray light curve folded with the
orbital phase peaks around φ ≈ 0.2, corresponding to 3 to 4 d
after periastron (González-Galán et al. 2014). This behavior is
usually attributed to an increased wind accretion-rate during pe-
riastron passage because of the lower wind velocity and higher
wind density during this phase. However, for BD+60 73, the rea-
son could be direct overflow of matter, which follows the gravi-
tational potential. The delay between periastron passage and out-
burst might be due to inhibition of direct accretion onto the NS
because of magnetic and centrifugal gating mechanisms (Illari-
onov & Sunyaev 1975; Grebenev & Sunyaev 2007; Bozzo et al.
2008).
For LM Vel, the X-ray outbursts cluster around periastron as
well (Gamen et al. 2015). In contrast to BD+60 73, however,
the outbursts are also observed prior to periastron passage (φ =
0.84−0.07), suggesting that in this case a combination of donor-
wind capture and RLOF might feed the accretion.
For these two systems, the amount of mass transfer via
RLOF needs to be relatively limited, since otherwise these sys-
tems are expected to quickly enter a CE phase. Moreover, we
note that our estimates of the Roche-lobe radius should be
treated with caution, since some of the orbital parameters of our
binary systems, such as the inclination, are not well constrained.
Hydrodynamical simulations (Mohamed & Podsiadlowski
2007) suggest that a further mode of mass transfer plays a role
in certain binary systems. This so-called wind Roche-lobe over-
flow (WRLOF) invokes a focusing of the primary stellar-wind
towards the secondary. Recently, El Mellah et al. (2019b) have
suggested that this mechanism is chiefly responsible for the for-
mation of so-called ultra-luminous X-ray sources (ULXs), and
that it also plays a role in certain HMXBs. Wind Roche-lobe
overflow gets important when the radius were the wind is accel-
erated beyond the escape velocity is comparable to the Roche-
lobe radius (Mohamed & Podsiadlowski 2007; Abate et al.
2013). This condition is fulfilled for all wind-fed HMXBs in
our sample (HD 153919, HD 306414, BD+60 73, and LM Vel).
However, the detailed calculations by El Mellah et al. (2019b)
suggest that this might be a too crude criterion. Their scenario
for NSs is roughly applicable to HD 306414. For this object, their
model predicts WRLOF for periastron, but not for apastron.
WRLOF seems to be a possible mass-transfer mechanism in
wind-fed HMXBs, but presumably not during all orbital phases.
Mass-transfer in these systems can be significantly higher com-
pared to the classical Bondi-Hoyle-Lyttleton mechanism (Pod-
siadlowski & Mohamed 2007). However, this is not directly re-
flected in the X-ray luminosities of these objects, which are mod-
erate (see e.g., Table 3). So, an effective gating mechanism seems
to be at work in these systems that hampers the accretion of the
transferred material (see also discussion in El Mellah et al. 2019b
on Vela X-1).
9. Summary and Conclusions
For this study, we observed six HMXBs with the HST STIS and
secured high S/N, high resolution UV spectra. Simultaneously to
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these HST observations, we obtained Swift X-ray data to char-
acterize the X-ray emission of the NSs. These data sets were
used to determine the wind and stellar parameters of the donor
stars in these HMXBs by means of state of the art model atmo-
spheres, accounting for the influence of the X-rays on the donor-
star atmosphere. The wind parameters of these objects were de-
duced for the first time. Based on these analyses, we draw the
following conclusions:
1) The donor stars occupy the same parameter space as the pu-
tatively single OB-type stars from the Galaxy. Thus, the winds
of these stars do not appear to be peculiar, in contrast to earlier
suggestions.
2) There is no systematic difference between the wind parame-
ters of the donor stars in SFXTs compared to persistent HMXBs.
3) All SFXTs in our sample are characterized by high orbital ec-
centricities. Thus, the wind velocities at the position of the NS
and, consequently, the accretion rates are strongly phase depen-
dent. This leads us to conclude that the orbital eccentricity is de-
cisive for the distinction between SFXTs and persistent HMXBs.
4) In all investigated systems, the orbital velocities of the NSs
are comparable to the wind velocity at their position. Therefore,
the orbital velocity is important and can not be neglected in mod-
eling the accretion or in estimating the accretion rate.
5) Since all systems in our study have very tight orbits, the
donor-star wind has not yet reached its terminal velocity when
passing the position of the NS. While this has been reported ear-
lier, it is in strong contrast to what is often implicitly assumed in
the wider literature.
6) For BD+60 73 and LM Vel, RLOF potentially occurs during
periastron passage. Moreover, WRLOF seems plausible in a va-
riety of HMXBs.
7) The donor stars of HD 153919, BD+60 73, and LM Vel are
in advanced evolutionary stages, as indicated by their abundance
patterns. They are on the way to become red supergiants and will
thus engulf their NS companion soon.
8) The carbon and oxygen abundances of HD 153919, LM Vel,
and HD 306414 suggest that their atmospheres were polluted by
material accreted from the wind of the NS progenitor or SN
ejecta.
9) The donor star of HD 153919 and LM Vel are overluminous
for their current mass.
10) Statistically, the donor stars in our sample rotate faster than
single OB-type stars typically do, suggesting mass accretion be-
cause of RLOF in the past. This is consistent with the orbital
parameters of these systems.
11) Most likely, the donor stars and the NSs of the HMXBs stud-
ied in this work will merge in an upcoming CE phase, forming
some kind of Thorne–Z˙ytkow objects.
12) The accretion efficiency parameters  of the NS in our sam-
ple are quite low, suggesting that either spherical settling accre-
tion or a gated accretion mechanism was at work during our ob-
servations.
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Table A.1. Spectroscopic data
Identifier Wavelength Instrument Resolving power Observation date MJD Phase
(Å) (d)
HD 153919 905-1187 FUSE 20000 2003-07-30 52 850.918 969 91 0.945
905-1187 FUSE 20000 2003-07-31 52 851.763 298 61 0.193
905-1187 FUSE 20000 2003-04-07 52 736.607 476 85 0.439
905-1187 FUSE 20000 2003-08-02 52 853.352 546 3 0.658
1150-1700 STIS/HST 45800 2015-02-22 57 075.260 507 76 0.138
3630-7170 FEROS/ESO-2.2m 48000 2005-06-25 53 546.318 821 76 0.773
3630-7170 FEROS/ESO-2.2m 48000 2009-05-03 54 954.273 102 96 0.457
3630-7170 FEROS/ESO-2.2m 48000 2011-05-18 55 699.248 950 24 0.816
BD+60 73 1150-1700 STIS/HST 45800 2015-01-01 57 023.491 883 41 0.841
3630-7170 FIES/NOT 25000 2013-01-29 56 321.839 447 92 0.038
LM Vel 905-1187 FUSE 20000 1999-12-26 51 538.837 581 02 0.366
1150-1700 STIS/HST 45800 2015-07-16 57 219.381 830 42 0.855
1150-1980 SWP/IUE 10000 1994-12-09 49 607.753 564 81 0.709
1150-1980 SWP/IUE 10000 1994-12-09 49 607.881 655 09 0.695
1150-1980 SWP/IUE 10000 1994-12-09 49 607.991 550 93 0.684
1850-3350 LWP/IUE 15000 1994-12-09 49 607.840 416 67 0.7
1850-3350 LWP/IUE 15000 1994-12-09 49 607.952 280 09 0.688
3630-7170 FEROS/ESO-2.2m 48000 2006-01-04 53 739.209 607 84 0.806
3630-7170 FEROS/ESO-2.2m 48000 2007-04-18 54 208.999 846 17 0.58
HD 306414 1150-1700 STIS/HST 45800 2015-08-16 57 250.785 858 94 -
3630-7170 FEROS/ESO-2.2m 48000 2007-01-17 54 117.146 425 24 -
3630-7170 FEROS/ESO-2.2m 48000 2007-02-13 54 144.068 183 66 -
BD+53 2790 1150-1700 STIS/HST 45800 2015-08-15 57 249.562 247 83 -
3230-7530 B&C/Asiago 150-400 - - -
3950-5780 DADOS/OST 3500 2016-04-20 57 498.944 537 04 -
5290-7140 DADOS/OST 3500 2016-03-04 57 451.024 027 78 -
14800-17800 NICS/TNG 1150 2014-09-01 56 901 -
19500-23400 NICS/TNG 1250 2014-09-01 56 901 -
HD 100199 905-1187 FUSE 20000 2000-03-24 51 627.242 361 11 -
1150-1700 STIS/HST 45800 2015-01-16 57 038.999 233 04 -
3630-7170 FEROS/ESO-2.2m 48000 2007-06-27 54 278.001 558 06 -
3630-7170 FEROS/ESO-2.2m 48000 2007-06-29 54 280.965 128 31 -
Table A.2. Photometry
HD 153919 BD+60 73 LM Vel HD 306414 BD+53 2790 HD 100199
U (mag) 6.06a 9.79b 7.053c 10.12c 9.42c 7.351c
B (mag) 6.724d 10.21b 7.722d 10.52d 10.11e 8.19c
V (mag) 6.543d 9.64b 7.558d 10.11d 9.84e 8.187c
R (mag) 6.43d 9.31d 7.47d 9.84d 9.64e 8.18f
G (mag)g 6.38 9.4 7.449 9.703 9.726 8.176
I (mag) 5.93a 9.072b - 9.41h 9.43e 8.22f
J (mag)i 5.744 8.389 6.935 8.548 9.218 8.048
H (mag)i 5.639 8.265 6.887 8.340 9.116 8.067
KS (mag)i 5.496 8.166 6.808 8.185 9.038 8.009
W1 (mag)j 5.36 8.104 6.756 8.043 8.7 8.063
W2 (mag)j 5.109 8.085 6.687 7.982 8.562 8.012
W3 (mag)j 4.927 7.994 6.585 7.807 8.191 7.625
W4 (mag)j 4.273 7.521 6.207 7.412 7.9 7.041
MSX6C A (Jy) 0.6344k - - - - -
Notes. (a) Morel & Magnenat (1978) (b) Anderson & Francis (2012) (c) Mermilliod (2006) (d) Zacharias et al. (2004) (e) Reig & Fabregat (2015)
(f) Monet et al. (2003) (g) Gaia Collaboration (2016) (h) DENIS Consortium (2005) (i) Cutri et al. (2003) (j) Cutri et al. (2012) (k) Egan et al. (2003)
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Table A.3. X-ray measurements at times close to the UV observations
Identifier ObsIDs Observation mode Observation date MJD Phase
(d)
HD 153919 00033631008 WT 2015-02-22 57 075.178 724 58 0.141
BD+60 73 00032620025 PC 2015-01-01 57 023.680 822 04 0.853
LM Vel 00037881103 PC 2015-07-08 57 211.149 012 27 0.008
00037881107 PC 2015-07-16 57 219.123 576 39 0.901
HD 306414 00030881043 PC 2015-08-16 57 250.846 361 96 -
BD+53 2790 00033914003 WT 2015-08-15 57 249.215 370 77 -
HD 100199 00035224007 PC 2015-01-15 57 037.818 252 68 -
Table A.4. Atomic model used in the stellar atmosphere calculations
Ion Number of levels Number of transitions Ion Number of levels Number of transitions
H i 22 231 Mg iii 43 903
H ii 1 0 Mg iv 17 136
He i 35 595 Mg v 0 0
He ii 26 325 Mg vii 0 0
He iii 1 0 Si ii 1 0
N ii 38 703 Si iii 24 276
N iii 36 630 Si iv 23 253
N iv 38 703 Si v 1 0
N v 20 190 P iv 12 66
N vi 14 91 P v 11 55
C ii 32 496 P vi 1 0
C iii 40 780 G iia 1 0
C iv 25 300 G iiia 13 40
C v 29 406 G iva 18 77
C vi 15 105 G va 22 107
O ii 37 666 G via 29 194
O iii 33 528 G viia 19 87
O iv 29 406 G viiia 14 49
O v 36 630 G ixa 15 56
O vi 16 120 G xa 1 0
O vii 0 0 G xia 0 0
O viii 0 0 G xiia 0 0
S iii 23 253 G xiiia 0 0
S iv 11 55 G xiva 0 0
S v 10 45 G xva 0 0
S vi 1 0 G xvia 0 0
Mg i 1 0 G xviia 0 0
Mg ii 32 496
Notes. (a) G denotes a generic atom which incorporates the following iron group elements Fe, Sc, Ti, Cr, Mn, Co, and Ni. The corresponding
ions are treated by means of a superlevel approach (for details see Gräfener et al. 2002).
Table A.5. Empirical stellar parameters, compared to the best-fitting single-star evolution model as interpolated with the BONNSAI tool
HD 153919 LM Vel BD+53 2790a
This study BONNSAI This study BONNSAI This study BONNSAI
T∗ (kK) 35+2−3 35
+3
−3 30
+3
−3 29
+3
−3 30
+3
−3 31
+3
−3
log L (L) 5.7+0.1−0.1 5.68
+0.09
−0.08 5.3
+0.1
−0.1 5.34
+0.09
−0.09 4.9
+0.1
−0.1 4.9
+0.1
−0.1
log g∗ (cm s−2) 3.4+0.4−0.4 3.5
+0.2
−0.2 3.2
+0.2
−0.2 3.3
+0.2
−0.3 3.8
+0.3
−0.5 3.8
+0.2
−0.3
v sin i (km s−1) 110+30−50 100
+40
−40 150
+20
−20 150
+20
−20 200
+50
−50 200
+45
−57
XH (mass fr.) 0.65+0.1−0.2 0.72
+0.00
−0.01 0.5
+0.1
−0.1 0.72
+0.00
−0.2
log M˙ (Myr−1) −5.6+0.2−0.3 −5.7+0.2−0.2 −6.1+0.2−0.2 −6.2+0.2−0.2
M (M)b 34+100−28 43
+5
−6 16
+29
−11 24
+6
−2 27
+67
−23 20
+2
−2
Notes. (a) XH and log M˙ not used as input for the BONNSAI tool. (b) Parameter not used as input for the BONNSAI tool.
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Appendix B: Comments on the individual stars
HD153919 (4U 1700-37): the donor star in this persistent
HMXB has the earliest spectral-type in our sample, exhibiting
prominent emission lines in its spectrum. Based on our spec-
tra and our spectral analysis we would classify this donor star
as O6 If/WN9, in contrast to the O6 Iafpe classification assigned
by Sota et al. (2014). We would assign this different spectral
type, since from our perspective this object is actually evolving
from an Of to a WN star, in contrast to what is discussed by
Sota et al. (2014) for the O6 Iafpe classification. In this sense,
the O6 If/WN9 category would be an extension of the Of/WN
class to cooler temperatures in reminiscence of the old “cool
slash” category. From our perspective, an O6 If/WN9 classifi-
cation would be more suitable also in representation of the wind
parameters of this object, which point to an object that is on its
way to the WR stage. The derived mass-loss rate is compatible
with that of other Of/WN stars (Hainich et al. 2014).
The basic stellar parameters derived in this work are in good
agreement with the previous results obtained by Clark et al.
(2002). The mass-loss rate derived by means of our models ac-
counting for wind inhomogeneities is almost a factor of four
lower than the value obtained by Clark et al. (2002) with un-
clumped models. The latter authors already have noted that mod-
erate wind clumping would reduce their derived mass-loss rate.
Taking into account the uncertainties of the individual studies,
this brings the two works into agreement. We note that the ter-
minal velocity determined from our HST spectrum is slightly
higher (by 150 km s−1) than obtained by Clark et al. (2002).
Interestingly, the hydrogen abundance deduced from our
spectral fit coincides (within the uncertainties) with the value as-
sumed by Clark et al. (2002). While we also derived a supersolar
nitrogen abundance, it is a factor of three lower compared to the
value determined by Clark et al. (2002). The carbon and oxygen
abundances are in a better agreement. Like Clark et al. (2002),
we determine a solar carbon abundance and a oxygen abundance
of about 0.5 XO,.
BD+6073 (IGR J00370+6122): according to González-Galán
et al. (2014), this system is intermediate between a persistent
HMXB and an “intermediate” SFXT because of its exceptional
X-ray properties. In contrast to almost all other donor stars in
our sample, a micro turbulence velocity of ξ = 17+2−2 km s
−1 is
required to achieve a satisfying fit. Most of the stellar parame-
ters we deduce for BD+60 73 agree very well with the results
by González-Galán et al. (2014). While these authors assume a
wind-strength Q-parameter of logQ = −13.0, our detailed wind
analysis results in a value that almost a factor of three higher.
Also the derived abundances partly differ. The carbon and nitro-
gen abundances are a factor of about 1.5 higher in our study than
the results presented by González-Galán et al. (2014), while our
oxygen abundance is lower by the same factor. The deviation
is the highest for the magnesium abundances, which is twice as
high in our study compared to their value. The derived silicon
abundances are approximately compatible. The same holds for
the hydrogen abundance, which is only a few percent lower in
this work.
In the fit shown in Fig. C.2, the model obviously falls short
to reproduce the resonance doublets of N v λλ 1239, 1243 and
C iv λλ 5801, 5812 with the observed strength. This model has
been calculated with an X-ray irradiation that is consistent with
the Swift observation. However, if we adopt an approximately
70 times higher X-ray irradiation, those resonance doublets per-
fectly match the observation, as demonstrated in Fig. C.3. Obvi-
ously, the stronger X-ray field causes sufficient photo- and Auger
ionization to populate the N v and C iv ground states.
At this point, we have to realize that the X-ray measurement
with Swift was not strictly simultaneous to our HST exposure,
but was taken 4.5 h later for technical reasons. Thus, given the X-
ray variability of this target, we conclude that at the exact time
of the HST observation the X-ray irradiation was somewhat en-
hanced due to some kind of flare.
LMVel (IGR J08408-4503): to our knowledge, the spectral ana-
lysis presented here is the first one for LM Vel. Although the
overall spectral fit represents the observed spectrum very well,
we are not able to achieve a satisfactory fit of the C iii line at
1245 Å, which is stronger in the model compared to the observa-
tion. This might be a result of the neglection of macro clumping
in our analysis, which in turn might imply an underestimation of
the mass-loss rate (Oskinova et al. 2007).
Similar to BD+60 73, the model that has been calculated
with an X-ray irradiation, which is consistent with the Swift
data, falls short to reproduce the N v λλ 1239, 1243 doublet (see
Fig. C.4). Those models that are able to reproduce this doublet
to a satisfactory level (see Fig. C.5) require an X-ray flux that
is roughly 300 times higher than measured by the Swift obser-
vations. For technical reasons, the Swift data was taken 6.2 h
earlier than the HST data. Thus, this X-ray transient might expe-
rienced an X-ray outburst during our HST observations.
As for HD 153919, we find that this donor star is hydrogen
and oxygen depleted, while the carbon abundance is solar and
the nitrogen abundance is supersolar.
BD+532790 (4U 2206+54): unfortunately, we only have low
resolution optical spectra with a low S/N at hand for this ob-
ject, which is one reason for the relatively large error margins
for some of the stellar parameters listed in Table 4. Neverthe-
less, these spectra clearly show a double peaked Hα emission
line, as typical for the decretion disks of Be- and Oe-type stars.
The same spectral characteristic is posed by the hydrogen lines
in the H- and K-band spectra shown in Fig. C.7. However, Blay
et al. (2006, see also Negueruela & Reig 2001) argue that this
star does not fulfill all criteria of a classical Be-type star, but is
rather a peculiar O9.5 V star. While the donor star in this system
is analyzed in this work, it is not considered in the discussion
section of this paper because of its unclear HMXB type.
Since our atmosphere models are restricted to spherical sym-
metry, we cannot account for asymmetries caused by the high
rotational velocities of Be- and Oe-type stars, such as oblateness
or decretion disks. Nevertheless, an adequate spectral fit can be
achieved for most parts of the observed spectrum, with the ex-
ception of the hydrogen lines that are filled by the emission from
the decretion disks. We also note that the width of the emission
peaks of the resonance lines of C iv and N v in the UV cannot
be reproduced completely by our model, most likely because of
asymmetries in the wind of this star. Since the Hα line is dom-
inated by emission from the decretion disk, this line cannot be
used to constrain the clumping within the donor star atmosphere
and wind. Therefore, we assume a clumping factor of D = 10.
HD306414 (IGR J11215-5952): this system is one of the
SFXTs in our sample. Since it was not detected in our Swift
observations, we had to assume a certain X-ray flux to proceed
with the atmosphere model fits.
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Massive stars are inherent X-ray sources because of their
winds that exhibit an intrinsic instability. This so-called line-
driven wind instability (Lucy & Solomon 1970) gives rise to
wind inhomogeneities as well as shocks that can produce X-rays
(e.g., Feldmeier et al. 1997; Runacres & Owocki 2002). The in-
trinsic X-ray flux of massive stars is proportional to their stellar
luminosity with LX / L ≈ 10−7 (Pallavicini et al. 1981).
In the atmosphere model for this source, we therefore ap-
proximated the X-ray flux by two components. For the first one,
we used a relatively soft X-ray continuum corresponding to an
X-ray temperature of TX = 3 × 106 K. This component was in-
serted at a radius of 1.5R∗, while the corresponding filling factor
was adjusted such that LX ≈ 10−7 L is produced. To model the
contribution of the NS to the X-ray emission, a second X-ray
continuum with an X-ray temperature of TX = 3 × 107 K was
injected at the position of the NS. The filling factor for this com-
ponent was chosen such that the UV observations are reproduced
best by the model, while ensuring that the total X-ray flux is be-
low the detection limit of Swift.
The donor star has previously been analyzed by Lorenzo
et al. (2014). While we obtain a slightly higher stellar temper-
ature and surface gravity as the latter authors, the luminosity
derived in our analysis is 0.2 dex lower even after accounting
for the difference in the assumed distance. The reason for this
discrepancy might be the different reddening estimates. While
in our case the reddening is derived from an SED fit spanning
from UV to infrared data, the estimate conducted by Lorenzo
et al. (2014) is solely based on optical and IR photometry, lead-
ing to a significantly higher RV value of 4.2 and a slightly lower
EB−V = 0.7. Assuming these values for our model SED does not
result in a satisfactory fit, providing confidence to our solution.
The lower luminosity obtained from our analysis in comparison
to that derived by Lorenzo et al. (2014) also entails a spectro-
scopic mass that is about 30 % lower.
Our spectral analysis based on UV and optical data also re-
sults in a significantly lower mass-loss rate than determined by
Lorenzo et al. (2014) solely on the basis of optical spectra. This
discrepancy in the derived mass-loss rate can be in large part at-
tributed to the neglect of wind inhomogeneities in the spectral
analysis by Lorenzo et al. (2014). If we scale the mass-loss rate
determined by Lorenzo et al. (2014) according to the clumping
factor (D = 20) derived in this work, the discrepancy nearly van-
ishes.
The hydrogen, oxygen, and magnesium abundances deter-
mine by our analysis agree very well with the ones obtained by
Lorenzo et al. (2014). The carbon abundances coincide on a 20 %
level, while the nitrogen and silicon abundance are higher by
30 % and 40 %, respectively, in our study compared to those de-
rived by Lorenzo et al. (2014). These deviations might be a result
of different micro turbulence velocities assumed in the spectral
analyses. Unfortunately, Lorenzo et al. (2014) do not specify the
micro turbulence velocity they assume. However, a value slightly
different to the ξ = 20+5−5 km s
−1 required by our analysis might
explain the differences in the abundance measurements.
HD100199 (IGR J11305-6256): in this work we present the
first spectral analysis of this Be X-ray binary. The same restric-
tions as outlined for BD+53 2790 apply to the spectral modeling
of HD 100199. Overall, an excellent fit quality could be achieved
with the exception of the line cores of the hydrogen lines in the
optical. As for BD+53 2790, we are not able to constrain the
clumping and assume D = 10.
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Appendix C: Spectral fits
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Fig. C.1. Spectral fit of HD 153919. The observations are shown as blue continuous lines (spectra) and blue boxes (photometry). The best fitting
model is overplotted by a dashed red line. Note that the observed far UV spectrum (FUSE) is heavily contaminated by interstellar abortion lines,
mostly originating from H2.
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Fig. C.1. continued.
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Fig. C.2. Same as Fig. C.1, but for BD+60 73.
Article number, page 24 of 44
R. Hainich et al.: The stellar and wind parameters of six prototypical HMXBs and their evolutionary status
CI
II
Ly
α
N
V 
2p
-
2s
CI
II
Si
III S
iII
 
(i.s
.
)
O
I (i
.
s.
)
CI
I
O
IV
Si
IV
N
IV
 
2p
3 -
2s2
CI
V
N
II
He
II 
3-2
0
1
2
3
1200 1300 1400 1500 1600 1700
 λ [Ao ]
N
o
rm
a
liz
e
d 
flu
x
Fig. C.3. BD+60 73: Alternative UV-line fit (cf. Fig. C.2, second panel). For the model shown here, an approximately 70 times higher X-ray
irradiation has been adopted, which brings the resonance doublets of N v λλ 1239, 1243 and C iv λλ 5801, 5812 to the observed strength (see text
in Appendix B).
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Fig. C.4. Same as Fig. C.1, but for LM Vel.
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Fig. C.4. continued.
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Fig. C.5. LM Vel: alternative UV-line fit (cf. Fig. C.4, second panel). For the model shown here, a roughly 300 times higher X-ray irradiation has
been adopted, which brings the resonance doublet of N v λλ 1239, 1243 almost to the observed strength (see text in Appendix B). The remaining
discrepancy is because of the C iii line at 1245 Å (see Appendix B for details).
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Fig. C.6. Same as Fig. C.1, but for HD 306414.
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Fig. C.7. Same as Fig. C.1, but for BD+53 2790. The IR spectrum is clearly dominated by emission from the decretion disk.
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Fig. C.7. continued.
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Fig. C.8. Same as Fig. C.1, but for HD 100199.
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Fig. C.8. continued.
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Table A.6. Atmospheric structure of the model used to fit HD 153919. The columns depict the index of the radius grid, the radius (r), the electron
temperature (Te), the particle density (N), the electron density (Ne), the Rosseland optical depth (τRoss), the velocity (v), the velocity gradient
(∂v/∂r), and the clumping factor (D).
Depth r − 1 Te logN logNe τRoss v ∂v/∂r D
index [R∗] [K] [Atoms/cm3] [Electrons/cm3] [km / s] [ km / sR∗ ]
1 99.0 16849. 6.200 6.202 0.000000 1900. 0.51 20.00
2 78.6 16568. 6.400 6.402 0.000044 1891. 0.51 20.00
3 65.0 16181. 6.564 6.566 0.000087 1883. 0.76 20.00
4 54.5 15711. 6.718 6.720 0.000136 1873. 1.10 20.00
5 45.1 15333. 6.882 6.883 0.000199 1861. 1.61 20.00
6 36.6 15117. 7.064 7.065 0.000284 1844. 2.43 20.00
7 28.7 15107. 7.271 7.273 0.000407 1821. 3.70 20.00
8 22.9 15175. 7.469 7.471 0.000555 1794. 5.48 20.00
9 19.2 15467. 7.619 7.621 0.000691 1769. 7.79 20.00
10 16.6 16009. 7.747 7.748 0.000827 1745. 10.54 20.00
11 14.2 16773. 7.878 7.880 0.000990 1716. 13.92 20.00
12 12.2 17643. 8.013 8.015 0.001188 1683. 18.44 20.00
13 10.4 18457. 8.151 8.153 0.001427 1645. 24.48 20.00
14 8.81 19083. 8.291 8.294 0.001714 1601. 32.50 20.00
15 7.45 19465. 8.434 8.436 0.002060 1550. 43.06 20.00
16 6.29 19980. 8.579 8.582 0.002475 1492. 56.84 20.00
17 5.30 20661. 8.726 8.728 0.002976 1427. 74.61 20.00
18 4.45 21644. 8.874 8.877 0.003578 1355. 95.49 20.00
19 3.82 22689. 9.003 9.006 0.004195 1287. 117.89 20.00
20 3.42 23515. 9.098 9.101 0.004713 1233. 142.12 20.00
21 3.05 24297. 9.194 9.197 0.005305 1176. 167.15 20.00
22 2.67 25122. 9.305 9.308 0.006077 1108. 193.42 20.00
23 2.38 26042. 9.401 9.405 0.006839 1047. 222.16 20.00
24 2.16 26966. 9.481 9.485 0.007544 995.4 249.83 20.00
25 1.98 27963. 9.554 9.559 0.008261 947.0 276.22 20.00
26 1.81 29049. 9.627 9.632 0.009044 898.6 303.88 20.00
27 1.64 30313. 9.707 9.713 0.009993 845.4 332.64 20.00
28 1.49 31661. 9.788 9.794 0.011065 791.6 362.37 20.00
29 1.36 32934. 9.862 9.870 0.012162 742.6 392.66 20.00
30 1.24 34109. 9.936 9.945 0.013371 694.5 423.02 20.00
31 1.12 35304. 10.016 10.028 0.014850 642.9 456.27 20.00
32 0.994 36696. 10.115 10.132 0.016931 581.3 492.35 20.00
33 0.862 38300. 10.228 10.251 0.019733 513.7 527.73 20.00
34 0.760 39712. 10.327 10.356 0.022600 457.8 562.79 20.00
35 0.669 41002. 10.426 10.460 0.025938 405.0 595.39 20.00
36 0.561 42161. 10.561 10.599 0.031308 339.6 623.69 20.00
37 0.456 42264. 10.718 10.757 0.039027 272.1 647.10 20.00
38 0.368 41181. 10.876 10.916 0.048496 214.3 661.02 19.99
39 0.295 39459. 11.035 11.075 0.059908 165.8 663.77 19.90
40 0.234 37646. 11.196 11.235 0.073615 125.8 657.89 19.32
41 0.185 36045. 11.360 11.399 0.089940 93.53 647.26 16.99
42 0.145 34786. 11.530 11.569 0.109027 67.79 636.99 12.19
43 0.113 33915. 11.708 11.749 0.130726 47.61 632.82 7.25
44 0.910E-01 33440. 11.875 11.917 0.151891 33.72 638.17 4.43
45 0.779E-01 33216. 12.011 12.054 0.169234 25.26 655.41 3.14
46 0.678E-01 33244. 12.153 12.197 0.187398 18.55 683.78 2.35
47 0.598E-01 33712. 12.318 12.362 0.208329 12.88 722.27 1.82
48 0.549E-01 34493. 12.468 12.512 0.226873 9.201 771.17 1.54
49 0.522E-01 35113. 12.589 12.632 0.241223 7.014 827.48 1.39
50 0.502E-01 35403. 12.713 12.757 0.255687 5.288 863.94 1.28
51 0.485E-01 35173. 12.854 12.898 0.272694 3.832 782.85 1.20
52 0.470E-01 34479. 12.992 13.034 0.294653 2.799 589.33 1.14
53 0.455E-01 33462. 13.127 13.168 0.325997 2.057 398.93 1.10
54 0.438E-01 32606. 13.258 13.297 0.375705 1.526 241.83 1.08
55 0.417E-01 32468. 13.380 13.419 0.459618 1.156 134.45 1.06
56 0.390E-01 33724. 13.500 13.542 0.614719 0.8811 80.66 1.04
57 0.353E-01 35909. 13.642 13.686 0.901224 0.6406 56.54 1.03
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Table A.6. continued.
Depth r − 1 Te logN logNe τRoss v ∂v/∂r D
index [R∗] [K] [Atoms/cm3] [Electrons/cm3] [km / s] [ km / sR∗ ]
58 0.314E-01 38217. 13.794 13.840 1.341922 0.4549 40.76 1.02
59 0.275E-01 40824. 13.951 13.998 1.989510 0.3195 29.16 1.02
60 0.234E-01 43946. 14.113 14.161 2.931172 0.2215 21.02 1.01
61 0.196E-01 47337. 14.273 14.321 4.197718 0.1546 14.89 1.01
62 0.158E-01 51294. 14.435 14.483 6.019716 0.1071 10.38 1.01
63 0.118E-01 55869. 14.597 14.645 8.649841 0.7438E-01 7.05 1.00
64 0.800E-02 60945. 14.752 14.801 12.284350 0.5239E-01 4.92 1.00
65 0.451E-02 65974. 14.892 14.940 16.803763 0.3826E-01 3.63 1.00
66 0.197E-02 69898. 14.992 15.041 21.052537 0.3052E-01 2.92 1.00
67 0.985E-03 71482. 15.031 15.080 22.968391 0.2797E-01 2.54 1.00
68 0.492E-03 72328. 15.051 15.099 23.991583 0.2677E-01 2.42 1.00
69 0.246E-03 72775. 15.060 15.109 24.520859 0.2619E-01 2.41 1.00
70 0.00 73172. 15.071 15.119 25.062930 0.2559E-01 2.41 1.00
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Table A.7. Same as Table A.6, but for BD+60 73
Depth r − 1 Te logN logNe τRoss v ∂v/∂r D
index [R∗] [K] [Atoms/cm3] [Electrons/cm3] [km / s] [ km / sR∗ ]
1 99.0 10780. 4.589 4.673 0.0000000 1100. 0.21 20.00
2 77.0 11061. 4.807 4.891 0.0000011 1096. 0.21 20.00
3 62.4 11307. 4.988 5.072 0.0000022 1092. 0.33 20.00
4 50.3 11610. 5.175 5.259 0.0000036 1087. 0.51 20.00
5 40.0 11869. 5.372 5.456 0.0000054 1081. 0.77 20.00
6 32.7 12085. 5.544 5.629 0.0000074 1074. 1.18 20.00
7 26.6 12370. 5.720 5.805 0.0000099 1065. 1.76 20.00
8 21.5 12672. 5.904 5.989 0.0000131 1054. 2.56 20.00
9 17.8 12882. 6.062 6.147 0.0000165 1042. 3.75 20.00
10 14.8 13067. 6.220 6.305 0.0000205 1029. 5.54 20.00
11 11.8 13271. 6.413 6.499 0.0000265 1009. 8.26 20.00
12 9.21 13475. 6.620 6.705 0.0000347 982.6 12.44 20.00
13 7.39 13637. 6.803 6.889 0.0000437 954.2 18.99 20.00
14 5.88 13879. 6.993 7.078 0.0000553 919.2 28.41 20.00
15 4.59 14181. 7.194 7.280 0.0000708 874.6 41.37 20.00
16 3.68 14465. 7.372 7.458 0.0000877 828.2 59.70 20.00
17 2.98 14811. 7.540 7.624 0.0001069 778.5 81.88 20.00
18 2.46 15188. 7.690 7.773 0.0001276 728.5 106.43 20.00
19 2.12 15415. 7.806 7.874 0.0001457 686.8 132.78 20.00
20 1.87 15526. 7.903 7.945 0.0001624 649.8 158.02 20.00
21 1.66 15676. 7.991 8.014 0.0001785 614.8 183.80 20.00
22 1.48 15866. 8.079 8.091 0.0001958 578.9 212.54 20.00
23 1.30 16163. 8.177 8.184 0.0002170 537.6 244.27 20.00
24 1.13 16511. 8.278 8.282 0.0002412 494.5 278.98 20.00
25 1.00 16803. 8.369 8.371 0.0002653 455.3 316.33 20.00
26 0.889 17088. 8.459 8.461 0.0002917 416.6 355.69 20.00
27 0.773 17456. 8.561 8.562 0.0003248 373.3 396.57 20.00
28 0.670 17787. 8.667 8.668 0.0003629 329.9 438.45 20.00
29 0.589 18003. 8.762 8.763 0.0004006 292.5 480.21 20.00
30 0.519 18164. 8.857 8.857 0.0004415 257.5 520.41 20.00
31 0.449 18330. 8.966 8.967 0.0004938 219.8 561.22 20.00
32 0.377 18579. 9.103 9.103 0.0005667 177.8 601.70 20.00
33 0.311 18795. 9.260 9.261 0.0006620 136.6 636.86 20.00
34 0.262 18783. 9.408 9.408 0.0007627 104.8 663.89 19.99
35 0.223 18557. 9.561 9.561 0.0008787 78.47 678.39 19.85
36 0.190 18140. 9.736 9.736 0.0010278 55.43 681.30 18.62
37 0.166 17723. 9.905 9.905 0.0011855 39.15 673.31 14.51
38 0.147 17410. 10.081 10.082 0.0013636 26.92 655.43 8.75
39 0.133 17258. 10.279 10.280 0.0015789 17.51 630.71 4.65
40 0.123 17255. 10.470 10.471 0.0018024 11.48 598.74 2.85
41 0.116 17309. 10.673 10.674 0.0020619 7.283 563.73 1.97
42 0.110 17376. 10.894 10.895 0.0023756 4.421 520.47 1.51
43 0.107 17430. 11.093 11.094 0.0026989 2.812 426.00 1.30
44 0.104 17478. 11.271 11.271 0.0031069 1.878 289.33 1.19
45 0.102 17525. 11.443 11.443 0.0037374 1.269 190.02 1.13
46 0.991E-01 17569. 11.602 11.602 0.0046423 0.8847 128.33 1.09
47 0.968E-01 17610. 11.740 11.740 0.0058162 0.6466 89.33 1.06
48 0.947E-01 17659. 11.867 11.867 0.0073703 0.4844 64.20 1.05
49 0.924E-01 17722. 11.992 11.992 0.0095380 0.3645 46.32 1.04
50 0.900E-01 17821. 12.128 12.128 0.0129282 0.2677 32.39 1.03
51 0.868E-01 18002. 12.295 12.296 0.0193523 0.1832 21.86 1.02
52 0.832E-01 18287. 12.484 12.485 0.0313790 0.1194 14.25 1.01
53 0.795E-01 18617. 12.668 12.669 0.0512036 0.7867E-01 9.09 1.01
54 0.758E-01 18909. 12.852 12.853 0.0843564 0.5185E-01 5.85 1.00
55 0.719E-01 19386. 13.037 13.037 0.1400030 0.3417E-01 3.79 1.00
56 0.682E-01 20123. 13.212 13.213 0.2275228 0.2298E-01 2.44 1.00
57 0.642E-01 21329. 13.388 13.389 0.3732539 0.1543E-01 1.55 1.00
58 0.601E-01 23023. 13.562 13.562 0.6152817 0.1043E-01 0.97 1.00
59 0.558E-01 25021. 13.723 13.724 1.0052881 0.7259E-02 0.58 1.00
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Table A.7. continued.
Depth r − 1 Te logN logNe τRoss v ∂v/∂r D
index [R∗] [K] [Atoms/cm3] [Electrons/cm3] [km / s] [ km / sR∗ ]
60 0.510E-01 27525. 13.871 13.873 1.6851150 0.5203E-02 0.32 1.00
61 0.454E-01 30726. 13.994 14.008 2.9320173 0.3965E-02 0.15 1.00
62 0.388E-01 34591. 14.078 14.131 5.0927269 0.3309E-02 0.08 1.00
63 0.306E-01 38867. 14.163 14.243 8.4239990 0.2761E-02 0.07 1.00
64 0.210E-01 43101. 14.292 14.379 13.2000894 0.2094E-02 0.07 1.00
65 0.119E-01 46971. 14.440 14.530 19.0187288 0.1513E-02 0.06 1.00
66 0.532E-02 49918. 14.560 14.650 24.5025477 0.1165E-02 0.05 1.00
67 0.266E-02 51158. 14.609 14.700 27.0975069 0.1045E-02 0.04 1.00
68 0.133E-02 51802. 14.634 14.724 28.4967969 0.9904E-03 0.04 1.00
69 0.665E-03 52142. 14.646 14.736 29.2234434 0.9644E-03 0.04 1.00
70 0.00 52405. 14.658 14.749 29.9683734 0.9390E-03 0.04 1.00
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Table A.8. Same as Table A.6, LM Vel
Depth r − 1 Te logN logNe τRoss v ∂v/∂r D
index [R∗] [K] [Atoms/cm3] [Electrons/cm3] [km / s] [ km / sR∗ ]
1 99.0 12244. 5.776 5.777 0.000000 1900. 0.36 20.00
2 81.3 12377. 5.947 5.947 0.000011 1895. 0.36 20.00
3 66.8 12551. 6.117 6.117 0.000024 1888. 0.52 20.00
4 56.5 12679. 6.261 6.261 0.000037 1882. 0.74 20.00
5 48.0 12817. 6.401 6.402 0.000053 1874. 1.06 20.00
6 39.5 12960. 6.570 6.570 0.000075 1864. 1.55 20.00
7 31.3 13147. 6.769 6.770 0.000108 1849. 2.41 20.00
8 24.1 13368. 6.993 6.994 0.000156 1827. 3.80 20.00
9 18.9 13604. 7.202 7.203 0.000213 1801. 5.82 20.00
10 15.7 13805. 7.359 7.360 0.000266 1778. 8.49 20.00
11 13.4 14001. 7.492 7.492 0.000319 1755. 11.70 20.00
12 11.4 14222. 7.628 7.628 0.000383 1728. 15.69 20.00
13 9.70 14466. 7.767 7.767 0.000459 1696. 21.13 20.00
14 8.19 14722. 7.908 7.909 0.000552 1660. 28.50 20.00
15 6.89 14971. 8.052 8.052 0.000663 1616. 38.46 20.00
16 5.78 15196. 8.197 8.198 0.000797 1567. 51.82 20.00
17 4.83 15390. 8.345 8.346 0.000959 1509. 69.62 20.00
18 4.02 15549. 8.494 8.495 0.001154 1444. 93.06 20.00
19 3.33 15731. 8.644 8.645 0.001388 1370. 121.24 20.00
20 2.83 15952. 8.775 8.776 0.001627 1300. 152.43 20.00
21 2.50 16149. 8.871 8.872 0.001828 1244. 186.93 20.00
22 2.21 16414. 8.969 8.970 0.002057 1184. 222.80 20.00
23 1.91 16712. 9.082 9.082 0.002355 1111. 261.55 20.00
24 1.68 16970. 9.180 9.181 0.002649 1045. 305.24 20.00
25 1.51 17213. 9.262 9.263 0.002921 988.6 347.98 20.00
26 1.36 17459. 9.337 9.338 0.003194 935.4 389.43 20.00
27 1.23 17685. 9.412 9.413 0.003491 881.9 433.54 20.00
28 1.10 17894. 9.495 9.495 0.003848 822.5 480.18 20.00
29 0.982 18129. 9.579 9.579 0.004249 762.0 529.60 20.00
30 0.883 18393. 9.656 9.656 0.004650 706.9 580.95 20.00
31 0.794 18681. 9.732 9.733 0.005086 652.9 633.15 20.00
32 0.705 18987. 9.817 9.818 0.005615 594.2 690.93 20.00
33 0.608 19312. 9.922 9.923 0.006342 524.4 754.71 20.00
34 0.512 19689. 10.044 10.045 0.007291 448.7 819.36 20.00
35 0.439 20102. 10.152 10.154 0.008248 385.8 884.82 20.00
36 0.375 20625. 10.263 10.264 0.009332 327.6 945.90 20.00
37 0.303 21340. 10.413 10.415 0.011037 257.8 1000.06 20.00
38 0.236 22101. 10.596 10.598 0.013495 188.3 1046.78 20.00
39 0.183 22892. 10.787 10.789 0.016552 132.2 1077.15 20.00
40 0.144 23705. 10.988 10.990 0.020378 89.05 1087.19 19.95
41 0.118 24287. 11.176 11.177 0.024497 60.57 1083.67 19.18
42 0.102 24608. 11.323 11.325 0.028054 44.31 1073.03 16.32
43 0.908E-01 24844. 11.476 11.477 0.031960 31.87 1061.83 11.25
44 0.813E-01 25025. 11.647 11.649 0.036511 21.86 1051.91 6.38
45 0.748E-01 25140. 11.813 11.816 0.040987 15.09 1044.61 3.84
46 0.700E-01 25233. 11.992 11.994 0.045888 10.10 1042.53 2.52
47 0.665E-01 25296. 12.195 12.197 0.051621 6.370 1032.38 1.81
48 0.642E-01 25204. 12.393 12.395 0.057535 4.056 878.32 1.46
49 0.623E-01 25229. 12.569 12.572 0.065284 2.708 502.37 1.29
50 0.603E-01 27320. 12.684 12.688 0.077380 2.090 293.09 1.22
51 0.583E-01 28131. 12.816 12.822 0.093865 1.546 274.98 1.16
52 0.567E-01 27241. 12.965 12.969 0.114059 1.101 223.44 1.11
53 0.548E-01 26588. 13.128 13.131 0.147806 0.7595 140.38 1.07
54 0.523E-01 26431. 13.321 13.324 0.220182 0.4888 79.17 1.05
55 0.495E-01 27674. 13.484 13.489 0.354247 0.3375 39.43 1.03
56 0.464E-01 29787. 13.605 13.620 0.573287 0.2571 20.56 1.02
57 0.431E-01 31828. 13.703 13.737 0.909476 0.2066 12.59 1.02
58 0.393E-01 33907. 13.797 13.852 1.417588 0.1675 9.16 1.02
59 0.350E-01 36272. 13.903 13.972 2.164155 0.1323 7.45 1.01
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Table A.8. continued.
Depth r − 1 Te logN logNe τRoss v ∂v/∂r D
index [R∗] [K] [Atoms/cm3] [Electrons/cm3] [km / s] [ km / sR∗ ]
60 0.304E-01 38936. 14.024 14.099 3.202444 0.1011 6.11 1.01
61 0.256E-01 41928. 14.159 14.236 4.646333 0.7472E-01 4.83 1.01
62 0.206E-01 45302. 14.308 14.386 6.665918 0.5354E-01 3.68 1.01
63 0.155E-01 49061. 14.467 14.545 9.486130 0.3753E-01 2.68 1.00
64 0.103E-01 53284. 14.629 14.708 13.487831 0.2608E-01 1.91 1.00
65 0.577E-02 57568. 14.771 14.849 18.354869 0.1901E-01 1.40 1.00
66 0.255E-02 60902. 14.870 14.949 22.796765 0.1522E-01 1.12 1.00
67 0.127E-02 62339. 14.909 14.988 24.826495 0.1394E-01 0.98 1.00
68 0.637E-03 63111. 14.929 15.008 25.908347 0.1334E-01 0.93 1.00
69 0.319E-03 63510. 14.939 15.018 26.467092 0.1305E-01 0.89 1.00
70 0.00 63874. 14.949 15.027 27.038266 0.1277E-01 0.89 1.00
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Table A.9. Same as Table A.6, HD 306414
Depth r − 1 Te logN logNe τRoss v ∂v/∂r D
index [R∗] [K] [Atoms/cm3] [Electrons/cm3] [km / s] [ km / sR∗ ]
1 99.0 11408. 5.354 5.358 0.0000000 800.0 0.33 20.00
2 77.9 11693. 5.563 5.568 0.0000086 794.5 0.33 20.00
3 61.0 12069. 5.777 5.782 0.0000120 787.3 0.52 20.00
4 49.0 12371. 5.968 5.973 0.0000328 779.4 0.79 20.00
5 40.5 12609. 6.135 6.140 0.0000465 771.1 1.15 20.00
6 34.4 12800. 6.276 6.282 0.0000603 762.7 1.59 20.00
7 29.5 12977. 6.413 6.419 0.0000760 753.5 2.21 20.00
8 24.5 13177. 6.576 6.582 0.0000984 740.7 3.15 20.00
9 19.6 13408. 6.770 6.775 0.0001316 722.6 4.68 20.00
10 15.3 13654. 6.988 6.994 0.0001797 697.9 7.00 20.00
11 12.2 13857. 7.190 7.196 0.0002360 670.6 10.08 20.00
12 10.3 13995. 7.337 7.343 0.0002860 647.6 13.79 20.00
13 9.01 14091. 7.459 7.461 0.0003339 626.6 17.77 20.00
14 7.85 14166. 7.583 7.584 0.0003899 603.5 22.19 20.00
15 6.83 14228. 7.708 7.708 0.0004555 578.2 27.57 20.00
16 5.94 14280. 7.834 7.835 0.0005323 550.8 34.03 20.00
17 5.16 14332. 7.961 7.962 0.0006223 521.3 41.12 20.00
18 4.57 14390. 8.072 8.072 0.0007122 494.5 48.26 20.00
19 4.18 14441. 8.153 8.154 0.0007858 474.1 55.55 20.00
20 3.82 14500. 8.235 8.236 0.0008681 452.9 62.68 20.00
21 3.45 14582. 8.330 8.331 0.0009738 428.1 69.81 20.00
22 3.15 14674. 8.412 8.412 0.0010752 406.3 77.99 20.00
23 2.88 14784. 8.494 8.495 0.0011885 384.2 86.43 20.00
24 2.60 14935. 8.590 8.590 0.0013344 358.7 94.57 20.00
25 2.38 15085. 8.672 8.672 0.0014748 336.8 103.56 20.00
26 2.18 15253. 8.754 8.755 0.0016315 315.0 112.41 20.00
27 1.97 15461. 8.849 8.850 0.0018336 290.3 120.56 20.00
28 1.80 15645. 8.931 8.932 0.0020283 269.6 129.12 20.00
29 1.65 15833. 9.013 9.014 0.0022456 249.4 137.71 20.00
30 1.47 16091. 9.125 9.125 0.0025817 223.1 146.09 20.00
31 1.28 16393. 9.253 9.254 0.0030365 194.7 154.38 20.00
32 1.11 16691. 9.380 9.381 0.0035735 168.7 161.37 20.00
33 0.970 16976. 9.507 9.507 0.0042083 145.1 166.07 20.00
34 0.845 17237. 9.632 9.632 0.0049592 124.1 168.57 20.00
35 0.710 17526. 9.785 9.786 0.0060918 101.4 168.34 19.99
36 0.555 17870. 9.997 9.998 0.0081641 75.29 165.97 19.80
37 0.428 18156. 10.211 10.212 0.0109919 54.51 163.50 18.49
38 0.353 18344. 10.368 10.368 0.0135395 42.36 164.01 15.69
39 0.303 18503. 10.496 10.497 0.0159196 33.98 169.30 12.23
40 0.260 18682. 10.634 10.634 0.0186632 26.50 179.14 8.54
41 0.224 18856. 10.784 10.785 0.0217985 19.84 194.86 5.54
42 0.196 18997. 10.956 10.956 0.0253665 14.01 217.61 3.52
43 0.175 19018. 11.159 11.160 0.0294662 9.089 246.53 2.31
44 0.162 19012. 11.373 11.373 0.0334954 5.678 280.01 1.70
45 0.155 19000. 11.566 11.567 0.0368697 3.679 286.92 1.41
46 0.150 18988. 11.772 11.773 0.0411500 2.309 215.92 1.24
47 0.145 18985. 11.957 11.957 0.0476307 1.524 127.86 1.16
48 0.140 19025. 12.135 12.136 0.0586751 1.019 75.69 1.10
49 0.134 19183. 12.329 12.329 0.0795186 0.6597 46.75 1.06
50 0.128 19445. 12.511 12.511 0.1134129 0.4388 29.38 1.04
51 0.122 19829. 12.672 12.672 0.1619540 0.3061 19.20 1.03
52 0.116 20581. 12.816 12.817 0.2300313 0.2216 12.96 1.02
53 0.111 21773. 12.948 12.949 0.3242194 0.1650 9.23 1.02
54 0.106 22843. 13.082 13.082 0.4568929 0.1227 7.09 1.01
55 0.100 23741. 13.226 13.227 0.6513269 0.8879E-01 5.15 1.01
56 0.946E-01 25314. 13.358 13.359 0.9437404 0.6615E-01 3.04 1.01
57 0.886E-01 27456. 13.453 13.456 1.3805658 0.5374E-01 1.55 1.01
58 0.819E-01 29203. 13.521 13.531 2.0163611 0.4653E-01 0.86 1.00
59 0.741E-01 31253. 13.581 13.605 2.9201390 0.4118E-01 0.62 1.00
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Table A.9. continued.
Depth r − 1 Te logN logNe τRoss v ∂v/∂r D
index [R∗] [K] [Atoms/cm3] [Electrons/cm3] [km / s] [ km / sR∗ ]
60 0.649E-01 33713. 13.647 13.690 4.1636413 0.3593E-01 0.59 1.00
61 0.547E-01 36162. 13.739 13.791 5.8232465 0.2968E-01 0.60 1.00
62 0.437E-01 38800. 13.857 13.912 8.0412546 0.2309E-01 0.56 1.00
63 0.325E-01 41730. 13.991 14.047 11.0154549 0.1733E-01 0.47 1.00
64 0.214E-01 44925. 14.135 14.192 14.9653989 0.1269E-01 0.38 1.00
65 0.119E-01 47999. 14.268 14.325 19.4763247 0.9537E-02 0.31 1.00
66 0.525E-02 50430. 14.363 14.421 23.4784414 0.7752E-02 0.26 1.00
67 0.263E-02 51496. 14.402 14.459 25.3068721 0.7128E-02 0.23 1.00
68 0.131E-02 52157. 14.422 14.479 26.2823676 0.6828E-02 0.23 1.00
69 0.657E-03 52558. 14.432 14.490 26.7874630 0.6675E-02 0.22 1.00
70 0.00 52821. 14.442 14.499 27.3050162 0.6539E-02 0.22 1.00
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Table A.10. Same as Table A.6, BD+53 2790
Depth r − 1 Te logN logNe τRoss v ∂v/∂r D
index [R∗] [K] [Atoms/cm3] [Electrons/cm3] [km / s] [ km / sR∗ ]
1 99.0 11737. 5.542 5.569 0.0000000 400.0 0.06 8.58
2 78.1 12020. 5.746 5.775 0.0000050 398.9 0.06 8.57
3 61.3 12482. 5.955 5.984 0.0000116 397.6 0.10 8.55
4 49.4 12842. 6.141 6.170 0.0000189 396.0 0.16 8.54
5 39.5 13227. 6.333 6.363 0.0000283 394.1 0.25 8.51
6 31.1 13612. 6.538 6.568 0.0000410 391.4 0.38 8.48
7 25.2 13934. 6.720 6.749 0.0000549 388.6 0.60 8.44
8 20.1 14242. 6.912 6.942 0.0000733 384.8 0.96 8.39
9 15.1 14566. 7.153 7.183 0.0001033 378.9 1.61 8.31
10 10.9 14834. 7.422 7.452 0.0001489 370.2 2.75 8.18
11 8.16 15004. 7.664 7.694 0.0002034 359.9 4.49 8.02
12 6.57 15097. 7.841 7.871 0.0002531 350.6 6.84 7.87
13 5.48 15168. 7.987 8.016 0.0003023 341.6 9.65 7.72
14 4.55 15250. 8.135 8.151 0.0003614 331.1 13.15 7.53
15 3.76 15352. 8.284 8.290 0.0004325 319.0 17.87 7.30
16 3.10 15494. 8.435 8.438 0.0005177 305.1 24.19 7.01
17 2.53 15693. 8.587 8.589 0.0006200 289.2 31.92 6.67
18 2.12 15914. 8.719 8.720 0.0007243 273.8 40.44 6.32
19 1.85 16109. 8.816 8.818 0.0008116 261.6 50.04 6.03
20 1.61 16337. 8.916 8.917 0.0009110 248.4 60.57 5.71
21 1.37 16635. 9.030 9.030 0.0010397 232.3 71.91 5.31
22 1.18 16948. 9.129 9.130 0.0011664 217.5 84.64 4.95
23 1.04 17239. 9.213 9.214 0.0012832 204.8 97.45 4.63
24 0.926 17525. 9.290 9.290 0.0013999 192.8 110.14 4.33
25 0.822 17828. 9.366 9.367 0.0015259 180.6 123.98 4.03
26 0.718 18199. 9.451 9.452 0.0016782 167.0 138.90 3.71
27 0.624 18620. 9.538 9.539 0.0018480 153.0 154.71 3.39
28 0.546 19045. 9.618 9.619 0.0020161 140.4 171.44 3.11
29 0.477 19498. 9.698 9.699 0.0021970 127.9 189.02 2.85
30 0.409 20034. 9.789 9.790 0.0024180 114.3 209.03 2.58
31 0.335 20718. 9.901 9.902 0.0027177 98.18 231.89 2.29
32 0.264 21505. 10.032 10.034 0.0031026 80.89 255.53 2.00
33 0.211 22153. 10.155 10.156 0.0034926 66.54 280.07 1.78
34 0.167 22699. 10.281 10.282 0.0039266 53.61 305.02 1.60
35 0.120 23135. 10.456 10.458 0.0045845 38.86 329.03 1.41
36 0.796E-01 23368. 10.682 10.684 0.0055233 24.84 350.98 1.25
37 0.546E-01 23238. 10.901 10.903 0.0064921 15.72 368.94 1.15
38 0.413E-01 23058. 11.080 11.081 0.0073063 10.69 381.45 1.10
39 0.316E-01 22896. 11.274 11.275 0.0082285 6.962 389.12 1.06
40 0.248E-01 22903. 11.489 11.490 0.0092919 4.302 394.24 1.04
41 0.211E-01 23030. 11.674 11.674 0.0102258 2.834 397.71 1.03
42 0.191E-01 23198. 11.824 11.825 0.0110017 2.013 399.74 1.02
43 0.178E-01 23346. 11.957 11.958 0.0117054 1.485 400.84 1.01
44 0.171E-01 23441. 12.049 12.050 0.0121967 1.204 401.57 1.01
45 0.166E-01 23525. 12.129 12.129 0.0126296 1.003 402.93 1.01
46 0.160E-01 23685. 12.247 12.248 0.0132922 0.7642 402.06 1.01
47 0.154E-01 23935. 12.394 12.394 0.0141543 0.5461 373.50 1.00
48 0.149E-01 24560. 12.581 12.581 0.0155132 0.3552 278.56 1.00
49 0.142E-01 25103. 12.810 12.811 0.0183749 0.2098 176.84 1.00
50 0.136E-01 24958. 13.041 13.042 0.0236009 0.1234 108.99 1.00
51 0.130E-01 24668. 13.231 13.231 0.0310055 0.7983E-01 67.98 1.00
52 0.125E-01 24440. 13.400 13.401 0.0416734 0.5406E-01 43.60 1.00
53 0.121E-01 24575. 13.555 13.556 0.0583258 0.3788E-01 28.98 1.00
54 0.117E-01 24851. 13.684 13.684 0.0794263 0.2821E-01 21.09 1.00
55 0.114E-01 25006. 13.771 13.772 0.0996977 0.2307E-01 15.74 1.00
56 0.111E-01 25151. 13.856 13.857 0.1260902 0.1898E-01 12.06 1.00
57 0.106E-01 25657. 13.977 13.977 0.1776913 0.1439E-01 8.45 1.00
58 0.100E-01 27571. 14.124 14.125 0.2902426 0.1027E-01 5.20 1.00
59 0.917E-02 30432. 14.309 14.314 0.5734276 0.6722E-02 2.94 1.00
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Table A.10. continued.
Depth r − 1 Te logN logNe τRoss v ∂v/∂r D
index [R∗] [K] [Atoms/cm3] [Electrons/cm3] [km / s] [ km / sR∗ ]
60 0.792E-02 34785. 14.528 14.547 1.3708623 0.4071E-02 1.55 1.00
61 0.640E-02 40349. 14.756 14.787 3.1923999 0.2411E-02 0.86 1.00
62 0.494E-02 45722. 14.957 14.990 6.0455958 0.1523E-02 0.50 1.00
63 0.368E-02 50537. 15.122 15.155 9.6362444 0.1044E-02 0.32 1.00
64 0.248E-02 55262. 15.273 15.307 14.2824528 0.7391E-03 0.22 1.00
65 0.141E-02 59572. 15.402 15.436 19.6519884 0.5505E-03 0.16 1.00
66 0.629E-03 62774. 15.492 15.526 24.4564486 0.4479E-03 0.13 1.00
67 0.314E-03 64099. 15.528 15.562 26.6464869 0.4128E-03 0.11 1.00
68 0.157E-03 64779. 15.546 15.579 27.7999200 0.3965E-03 0.10 1.00
69 0.786E-04 65124. 15.554 15.588 28.3915125 0.3887E-03 0.10 1.00
70 0.00 65456. 15.563 15.597 28.9935364 0.3808E-03 0.10 1.00
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Table A.11. Same as Table A.6, HD 100199.
Depth r − 1 Te logN logNe τRoss v ∂v/∂r D
index [R∗] [K] [Atoms/cm3] [Electrons/cm3] [km / s] [ km / sR∗ ]
1 99.0 12487. 4.448 4.479 0.00000000 1500. 0.19 10.00
2 76.4 12519. 4.672 4.703 0.00000026 1496. 0.19 10.00
3 61.5 12556. 4.859 4.890 0.00000054 1493. 0.31 10.00
4 49.0 12603. 5.054 5.085 0.00000089 1488. 0.49 10.00
5 38.4 12660. 5.261 5.293 0.00000138 1481. 0.76 10.00
6 31.0 12720. 5.446 5.477 0.00000191 1474. 1.20 10.00
7 24.8 12783. 5.636 5.668 0.00000260 1465. 1.97 10.00
8 18.5 12868. 5.884 5.915 0.00000376 1449. 3.36 10.00
9 13.2 12963. 6.164 6.195 0.00000557 1426. 6.06 10.00
10 9.51 13055. 6.436 6.467 0.00000799 1395. 11.16 10.00
11 6.88 13134. 6.699 6.730 0.00001114 1355. 20.00 8.81
12 5.02 13227. 6.949 6.981 0.00001516 1305. 34.65 6.27
13 3.71 13397. 7.184 7.216 0.00002010 1245. 57.55 4.21
14 2.77 13678. 7.400 7.433 0.00002595 1176. 91.19 2.89
15 2.11 14059. 7.596 7.629 0.00003259 1100. 137.03 2.11
16 1.65 14530. 7.770 7.803 0.00003975 1021. 194.85 1.67
17 1.31 15232. 7.921 7.954 0.00004709 944.1 262.27 1.42
18 1.08 15991. 8.048 8.081 0.00005426 872.4 339.99 1.28
19 0.885 16737. 8.171 8.204 0.00006209 798.4 427.44 1.18
20 0.718 17555. 8.297 8.330 0.00007112 718.8 521.63 1.12
21 0.600 18374. 8.403 8.436 0.00007950 649.7 632.56 1.08
22 0.498 19121. 8.510 8.543 0.00008868 579.6 751.84 1.05
23 0.402 19844. 8.630 8.663 0.00009998 501.4 878.47 1.03
24 0.331 20454. 8.740 8.773 0.00011097 432.7 1029.13 1.02
25 0.270 21186. 8.853 8.886 0.00012301 365.6 1206.04 1.01
26 0.205 22268. 9.014 9.047 0.00014111 280.9 1423.71 1.01
27 0.147 23069. 9.226 9.259 0.00016613 190.2 1688.63 1.00
28 0.112 22896. 9.438 9.471 0.00019099 124.0 1995.87 1.00
29 0.936E-01 22088. 9.626 9.659 0.00021166 83.23 2340.38 1.00
30 0.807E-01 21169. 9.851 9.884 0.00023493 50.73 2698.73 1.00
31 0.728E-01 20773. 10.127 10.160 0.00026105 27.26 2941.03 1.00
32 0.686E-01 20823. 10.391 10.424 0.00028707 14.98 2536.14 1.00
33 0.656E-01 20904. 10.614 10.647 0.00031901 9.003 1798.04 1.00
34 0.635E-01 20951. 10.808 10.840 0.00035636 5.788 1342.38 1.00
35 0.618E-01 20916. 10.978 11.009 0.00040018 3.922 1000.32 1.00
36 0.604E-01 20733. 11.146 11.173 0.00045871 2.677 761.16 1.00
37 0.591E-01 20472. 11.311 11.334 0.00053449 1.833 574.53 1.00
38 0.579E-01 20085. 11.470 11.485 0.00063570 1.274 400.57 1.00
39 0.565E-01 19677. 11.666 11.672 0.00081875 0.8130 264.20 1.00
40 0.548E-01 19315. 11.915 11.916 0.00120685 0.4600 167.89 1.00
41 0.534E-01 19082. 12.129 12.129 0.00178802 0.2818 105.31 1.00
42 0.525E-01 18976. 12.254 12.255 0.00231811 0.2117 69.67 1.00
43 0.517E-01 18907. 12.363 12.363 0.00294110 0.1649 50.66 1.00
44 0.506E-01 18845. 12.514 12.514 0.00416281 0.1168 35.31 1.00
45 0.491E-01 18823. 12.718 12.719 0.00691978 0.7311E-01 22.89 1.00
46 0.475E-01 19210. 12.917 12.917 0.01180975 0.4646E-01 14.35 1.00
47 0.464E-01 19883. 13.041 13.041 0.01701427 0.3498E-01 9.08 1.00
48 0.455E-01 20597. 13.144 13.144 0.02335890 0.2765E-01 6.26 1.00
49 0.441E-01 21577. 13.278 13.278 0.03569885 0.2035E-01 4.41 1.00
50 0.424E-01 22734. 13.432 13.433 0.05860181 0.1431E-01 3.00 1.00
51 0.408E-01 23911. 13.567 13.568 0.09165617 0.1052E-01 2.02 1.00
52 0.394E-01 24958. 13.680 13.681 0.13427244 0.8136E-02 1.40 1.00
53 0.376E-01 26078. 13.809 13.810 0.20751901 0.6068E-02 0.97 1.00
54 0.356E-01 27569. 13.940 13.941 0.33324300 0.4508E-02 0.65 1.00
55 0.337E-01 29239. 14.048 14.051 0.50845771 0.3522E-02 0.44 1.00
56 0.316E-01 31237. 14.160 14.166 0.78475584 0.2735E-02 0.31 1.00
57 0.292E-01 33585. 14.272 14.285 1.22862146 0.2124E-02 0.22 1.00
58 0.266E-01 36028. 14.380 14.402 1.85941849 0.1665E-02 0.16 1.00
59 0.239E-01 38665. 14.491 14.519 2.76197651 0.1295E-02 0.12 1.00
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Table A.11. continued.
Depth r − 1 Te logN logNe τRoss v ∂v/∂r D
index [R∗] [K] [Atoms/cm3] [Electrons/cm3] [km / s] [ km / sR∗ ]
60 0.210E-01 41573. 14.608 14.639 4.04300390 0.9963E-03 0.09 1.00
61 0.179E-01 44755. 14.727 14.759 5.81888400 0.7616E-03 0.07 1.00
62 0.146E-01 48214. 14.849 14.882 8.22337369 0.5793E-03 0.05 1.00
63 0.112E-01 51953. 14.974 15.008 11.45581654 0.4366E-03 0.04 1.00
64 0.764E-02 56039. 15.105 15.138 15.82692333 0.3258E-03 0.03 1.00
65 0.433E-02 60001. 15.222 15.256 20.97503222 0.2501E-03 0.02 1.00
66 0.191E-02 63068. 15.306 15.340 25.59129956 0.2070E-03 0.02 1.00
67 0.954E-03 64320. 15.339 15.373 27.63159559 0.1924E-03 0.02 1.00
68 0.477E-03 64962. 15.355 15.389 28.70379599 0.1855E-03 0.01 1.00
69 0.238E-03 65305. 15.363 15.397 29.25308606 0.1823E-03 0.01 1.00
70 0.00 65609. 15.371 15.404 29.81117931 0.1792E-03 0.01 1.00
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